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THK  MISSION  Ol  AGARD 


The  mission  of  A<  IARD  is  to  bring  together  the  leading  personalities  of  the  NATO  nations  in  the  fields  of 
science  and  technology  relating  to  aerospace  for  the  following  purposes 

b'xchangmg  of  scientific  and  technical  information; 

Continuously  stimulating  advances  in  the  aerospace  sciences  relevant  to  strengthening  the  common  defence 
posture. 

Improving  the  co-operation  among  member  nations  in  aerospace  research  and  development. 

Providing  scientific  and  technical  advice  and  assistance  to  the  North  Atlantic  Military  Committee  in  the 
field  ol  aerospace  research  and  development; 

Rendering  scientific  and  technical  assistance,  as  requested,  to  other  NATO  bodies  and  to  member  nations 
in  connection  with  research  and  development  problems  in  the  aerospace  field; 

Providing  assistance  to  member  nations  for  the  purpose  of  increasing  their  scientific  and  technical  potential. 

Recommending  effective  wa\s  lor  the  member  nations  to  use  their  research  and  development  capabilities 
for  the  common  benefit  of  the  NATO  community 

Ihe  highest  authority  within  AGARD  is  the  National  Delegates  Board  consisting  of  officially  appointed  senior 
representatives  from  each  member  nation.  The  mission  of  AC.ARD  is  carried  out  through  the  Panels  which  are 
composed  of  experts  appointed  by  the  National  Delegates,  the  Consultant  and  Exchange  Program  and  the  Aerospace 
Applications  Studies  Program.  The  results  of  At IARI)  work  are  reported  to  the  member  nations  and  the  NATO 
Authorities  through  the  AC.ARD  series  of  publications  of  which  this  is  one. 

Participation  in  AC.ARD  activities  is  by  invitation  only  and  is  normally  limited  to  citizens  of  the  NATO  nations 
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PREFACE 


The  general  goals  of  the  AGARD  Avionics  Panel  in  organizing  this  symposium  will  be  better  understood  by 
recalling  first  the  guidelines  given  to  the  authors. 

Papers  were  requested  to  be  mainly  devoted  to  practical  considerations,  applications,  and  results. 

The  impact  of  the  new  techniques,  CCD  and  SAW,  on  the  design  of  future  systems  had  to  be  emphasized. 

Specific  efforts  were  required  in  respect  of: 

contrasting  SAW  and  CCD  and  defining  the  areas  of  applications  for  each. 

contrasting  these  new  techniques  with  the  overwhelming  digital  technique  and  indicating  whether  these 
techniques  are  competing  or  are  complementary. 

describing  near-term  improvements  and  developments 

explaining  the  advantages  (in  terms  of  size,  weight,  performance,  and  cost)  expected  from  their  eventual 
extensive  use. 

Answers  to  the  above  questions  are  of  vital  importance  for  system  designers  who  are  faced  today  with  extremely 
fast  improvements  in  available  technologies.  A peremptory  need  exists  to  provide  them  with  a clear  understanding  of 
what  can  be  offered  to  save  weight,  size  and  costs  in  avionics  systems,  as  these  parameters  are  more  and  more  important 
in  airborne  equipments. 

It  can  be  stated  that  the  goals  have  been  reached  during  this  symposium  when  considering  the  high  quality  of 
papers  submitted,  and  the  high  attendance  of  electronic  engineers  and  scientists  conu.ig  from  all  the  NATO  countries. 
The  time  devoted  to  discussions  following  the  papers  was  somewhat  too  short. 

The  symposium  was  divided  into  five  sessions: 

Session  1 - Fundamental  Technology  and  Trends 

Session  2 - Technology  and  Devices 

Session  3 Fundamental  modules/subsystems 

Session  4 Imagery 

Session  5 Signal  processing. 

Session  1 The  symposium  was  opened  by  a noteworthy  review  of  the  state-of-the-art  of  CCD  and  SAW 
technologies,  and  their  roles  in  signal  processing  and  imagery.  Two  invited  papers  were  presented;  one  by 
Lewis  T.CIaiborne  (U.S.A.)  and  the  second  by  Dr.  J.B.G. Roberts  (U.K.). 

The  two  authors  provided  converging  views  on  the  coexistence  of  CCD,  SAW  and  digital  techniques  as  each  of 
them  has  its  inherent  advantage  without  precluding  the  other's  use.  However,  it  must  be  noted  that  if  SAW  are  far 
more  advantageous  than  digital  techniques  in  specific  applications,  it  is  not  so  clear  for  CCD  technologies,  the  choice 
between  CCD  and  digital  techniques  needing  a careful  case-by-case  analysis. 

- Digital  techniques  are  now  extensively  utilized  in  airborne  systems,  data  exchanges  being  performed  in  digital 
formats  through  busses,  an  adaptative,  or  at  least  reprogrammable,  processing  being  more  and  more  required.  In  this 
way  the  advent  of  microprocessors  has  been  the  starting  point  for  an  overwhelming  digital  processing. 

- Nevertheless  digital  bandwidths  cannot  be  increased  indefinitely  as  cost  and  power  consumption  are  in  direct 
relation.  It  can  be  advantageous  to  utilize  new  CCD  and  SAW  technologies  to  solve  specific  operations  with  less  cost, 
size  or  power  consumptions.  A typical  example  is  a SAW  transversal  filter  designed  for  T = 1 jiS  and  B = 500  MHz 
(TB  = 500).  A digital  equivalent  would  require  103  products  to  be  summed  at  a sampling  rate  of  I GHz  = a computing 
rate  of  10u  products  per  seconds. 

SAW  and  CCD  are  not  competing  and  have  their  respective  areas  of  applications  as  a consequence  of  their 
relative  physical  characteristics: 

- SAW  operate  up  to  frequencies  of  1 GHz,  CCD  being  normally  limited  to  frequencies  of  operation  around 
2 KHz  and  very  well  suited  for  low  frequency  operations. 
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Storage  lime  jk  of  magnitude  UK)  ps  lot  SAW  and  I second  lot  I t'D  with  respective  handwidths  (>00  Mil/ 
and  10  Mil/,  the  prodm  t I It  lot  both  being  in  the  area  of  It)1 * *  It)4 

Ihere  is  a marked  paiallcliMii  m the  signal  processing  liinctions  possible  with  CCD  and  SAW  devices  Hus 
is  due  to  the  fact  that  both  are  analogue  dela>  lines  where  the  signal  is  accessible  all  along  the  lines  However  SAW  have 
a lived  propagation  velocity,  the  passage  through  a CCD  being  dependent  upon  a tune  clock  late 

I he  main  success  ot  SAW  devices  is  based  on  variants  ol  trunsveisal  fillers  II  bandpass  filters,  dispersive 
delay  lines  tor  waveform  generation  and  matched  tillering,  chirp  tillers  for  last-acting  spec'. rum  analyser 

t i l)  applications  id  a considerable  interest  are  found  in  demultiplexing,  tune  delay  and  integration,  correla 
lion  I or  the  Iasi  functions  must  be  noted  a successful  operation  of  a hybrid  analogue  dig.lal  correlator  in  which 
analogue  samples  m a tapped  delay  lines  ('CD  connected  or  not  to  summing  lines,  the  connections  being  determined  by 
the  individual  bits  ot  a digital  reference  function  However,  the  real  gain  ot  such  a combination  over  digital  processing 
is  not  v el  obvious  and  has  to  be  proved  by  a gain  on  the  power  consumption 

As  lar  as  delay  lines  are  concerned,  no  firm  rcipurement  has  yet  emerged  for  CCI),  except  when  advantage 
is  taken  ot  the  freedom  to  change  the  clock  rale  as  a means  ol  adapting  the  time  scale  ol  a signal 

Such  an  adiuslmcnt  could  lead  to  a large  market  of  CCI)  adaptive  tunable  fillers  m citizen's  band  radio 

receivers. 

As  lar  as  imagery  is  concerned.  CCD  is  ideally  suited  as  a self-scanned  solid-stale  imager,  a very  good  example 
being  a 4lH)  x 400  area  imager  developed  toi  the  Jet  Propulsion  1 aboralories. 

Monolithic  and  hy  brid  IRCCD  have  been  built  w hich  are  now  performing  very  well. 

Session  2 Session  2 was  devoted  to  technology  and  devices. 

Materials  and  fabrication  processes  for  improving  the  performances  ot  SAW  devices  have  been  presented  in 
papers  M 2.2.  2 4.  2.0 

I'u/u  r 2 I gives  an  interesting  view  ot  the  materials  selected  to  improve  two  classes  of  SAW  devices 

a temperature-  able,  broadband,  low  insertion-loss  devices 

b High-frequency  devices. 

I ilhium  mobale  and  aluminium  nitride  are,  respectively,  the  substrate  material  best  adapted. 

I'.i/’i-r  2 2 presents  a lubrication  process  using  an  electron  beam  pattern  generator  to  design  SAW  delay  lines 
operating  up  to  I .1  till/  with  a .)  db  bandwidth  of  '00  Mil/  and  a delay  time  around  10  microseconds 

I’.i/ur  2 ■)  is  a description  ol  a new  type  ol  pulse  compression  niter  using  the  reflective  dot  array  which  has  the 
advantage  ol  being  part  ol  the  same  mask  and  tnetnli/ution  as  the  mlerdigital  transducers.  A linear  filter  operating  at 
t'0  Mil/  with  a bandwidth  of  20  Mil/  and  a tune  delay  of  10  microseconds  is  presented. 

f’ii/’rr  2 ft  Describes  a new  technique  for  uchicv  mg  frequency  control  of  SAW  oscillators  with  an  external  magnetic 
held  I he  accoustic  propagation  medium  is  a (id  't  Iti  film  grow  n on  a 0.(1  0.  substrate.  A frequency  change  of  I SOD 
ppm  has  been  obtained  around  .)5‘>  5 Mil/  for  a magnetic  field  of  ’0  Oe.  That  opens  the  way  to  tunable  SAW  oscillators. 

I he  adoption  of  a 2 phase  technology  for  fabricating  charge  coupled  devices  has  resulted  in  a significant 
reduction  ol  complexity  m the  driving  requirements,  t his  is  the  subject  of  fti/nr  2 ’ which  gives  the  performances  of 
a two  phase  I t'D  fabricated  with  a coplanur.  N channel,  double-level  poly  silicon  gate  process 

Devices  using  SAW  and  ('CD  techniques  are  presented  in  papers  2.4,  2.5,  2.S. 

/’u/'cr  2 o'  is  a description  of  a SAW  pulse-compression  device  giving  a 11)  500  with  a bandwidth  of  100  Mil/ 

and  a dispersion  id  5 microseconds. 

I'aprr  2 5 gives  some  results  on  the  influence  of  acceleration  on  SAW  oscillators.  An  example  is  given  at  I 24  Mil/, 
the  sensitivity  being  4.S  11/  g for  an  acceleration  perpendicular  to  the  propagation  surface. 

I'ii/wr  2 is  devoted  to  the  design  of  a CCD  programmable  transversal  filter  and  correlator. 

A parallel  analogue  convolver  represents  the  best  combination  of  speed  and  packing  density  at  the  expense  of 
accuracy,  as  compared  with  a parallel  digital  convolver  which  represents  the  best  combination  for  speed  and  accuracy 
at  the  expense  of  power  and  si  tv 

I bis  is  an  excellent  demonstration  of  the  choice  case-by-case  ol  the  technology  best  suited  to  solve  a specific 

problem  When  accuracy  is  not  the  main  parameter  but  space  and  weight  are  at  premium,  analogue  converters  can  find 

an  interesting  application. 
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Complementarity  between  CCD  and  SAW  techniques  is  demonstrated  in  a specific  application  ol  .1  high  speed 
sigiul  digiii/ei  presented  in  paper  2. 3. 

I he  session  was  elosed  by  fa/ier  I 0 which  provided  .1  comparative  sensitivity  study  of  Cl  I).  SAW  and 
digital  processors  Processors  considered  include  filters,  spectrum  analyzer  and  basic  mathematical  opciations  llus 
paper  is  intended  to  identify  and  model  sources  of  errot  and  parametric  variations,  and  determine  then  effect  on  per 
formance  deviation  from  ideal  performance 

Session  .1  Session  I was  devoted  to  functional  modules  subsystems 

Papers  3.3,  3 6.  3.7,  3 10,  present  SAW  technn|iie  as  applied  to  oscillators,  band  pass  filters 

I Pilfer  1 > describes  a new  type  ol  SAW  device,  the  SAW  tesonator  using  two  possible  materials,  \ / 1 iiliium 

Niobale  and  SI  quartz,  which  aie  emerging  with  the  ability  ot  obtaining  frequence  stabilizing  elements  tor  oscillators 
and  nairow  bandpass  tillers 

| . 

Paper  < n describes  the  development  of  an  acousto-electric  diode  memory  correlator.  Schottky  diodes  are 
charged  in  a lew  nanoseconds  and  have  storage  time  ot  milliseconds  allowing  to  keep  in  memory  the  phase  and 
amplitude  ol  surface  wave  signals  Other  signals  launched  in  the  SAW  delay  live  are  correlated  with  the  stored  charge 
pattern. 

Pilfer  1 7 is  related  to  a memory  correlator  using  an  array  of  PN  diodes  coupled  to  a piezoelectric  surface.  This  new 
device  is  a typical  application  ol  SAW  technique  perfectly  adapted  to  the  design  of  a linear  filter  used  lor  rrelation 
purposes, 

I he  bandpass  is  expected  to  reach  100  MHz  lor  duration  ol  signals  around  20  microseconds,  with  a B 1 around 
2000  I'he  frequency  of  operation  can  be  up  to  300  MHz 

Paper  > 10  is  an  application  ol  SAW  filters  to  I I amplifiers  used  m a radar  I wo  different  types  of  difficulties 
are  overcome  with  SAW  technique  one  is  to  obtain  a relative  bandwidth  of  0 3 which  is  very  difficult  to  realize  with 
conventmual  I ('  tillers,  and  the  second  is  to  obtain  a rectangular  bandpass  w ith  small  ripples  in  the  pass  band,  and 
sulelobes  lower  than  30  db. 

Papers  3 1.3  2,  3.4,  3 S,  3 *>  present  l v D technique  as  applied  to  buffer  memory . transversal  filters,  matched 
filters,  arithmetic  capabilities 

Paper  .<  I describes  a buffer  memory  utilizing  a IT'D  serial  storage,  which  can  interface  with  w idely  vary  mg  data 
rates  between  I 30  kHz  and  4 MHz.  The  memory  is  a 4 kbits  randomly  accessible 

Pilfer  >’  2 is  devoted  to  a transversal  tiller  wheie  the  weightings  coefficient  can  be  altered  in  real-time  through 
a microprocessor  used  to  control  the  tap  weightings. 

Pjfer  .s’  describes  a new  logic  family,  referred  to  as  digital  charge  coupled  logic  The  family  consists  of  AND, 

OR,  exclusive  OR,  1NVIRI,  IIA1  I and  1 l 1 1 1 AUDI  RS.  shift  registers.  Arithmetic  capabilities  are  utilized  in 
tillering  applications  correlation,  convolution,  and  last  transformers  Several  applications  of  IX  VI  arithmetic  ate 
shown  including  the  design  of  forward  and  reverse  ll.ADAMARD  transforms 

Session  4 was  devoted  to  imagery  Unfortunately . due  to  the  high  degree  of  classification  of  IR  imagery . this 
session  has  been  less  promising  than  expected  Nevertheless  it  i>  tell  that  IT'D  have  found  their  best  applications  in 
imagery  technique. 

I wo  papers  were  presented  on  IR  imagery  Paper  4 I gives  an  interesting  view  on  a new  generation  of  IT  I R 
using  a bunensional  array  ol  detectors  where  the  advantages  of  TUI)  or  I’ll)  processing  are  clearly  demonstrated  by 
reducing  the  number  of  amplifiers  normally  required  in  the  present  state-of-the-art 

Pilfer  4 ' provides  a general  review  of  imaging  sensors  using  (VI)  technology  which  are  grouped  in  two  major 
classes  Monolythic  and  hy  brid  IR  CUD.  Operations  of  both  technologies  have  been  analy  zed. 

Difference  applications  of  CCD  to  imagery  techniques  are  shown  in  papers  4.3,  4. tv,  4.10,  4 11, 

Pilfer  4 > describes  an  optimum  solid-state  line  scanner  using  a combination  of  photodiodes  and  analogue  shift 
registers,  t his  combination,  referred  to  as  charge  coupled  devices  photodiodes  (CCPD),  possesses  all  the  advantages  of 
the  photodiode  detectors  and  the  analogue  shift  register  read-out. 

Pilfer  4 z>  is  devoted  to  an  interesting  application  of  an  array  of  CCD  sensors  to  identify  linear  obstacles  such  as 
wires  which  can  be  extremely  dangerous  for  nap  of  the  earth  operations  of  helicopters. 

I'he  CCD  photosensors  are  used  in  a gated  I V technique  w ith  an  illumination  provided  by  (ia  As  diodes. 
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Paper  4 1 1 concerns  .1  l ID  sohdstale  video  h‘h>oi  wtikh  I'roduces  a II  \DAMARI)  liatisfotut  ot  an  incident 
optical  image 

I Ins  paper  proses  the  feasibility  ol  leal  time  coding  ol  an  optic  il  image  directly  on  at  II)  imager  I Ins  develop 
menl  is  the  lust  step  to  the  realization  ol  a miniature,  loss  power,  lam  resistant  video  data  link  suitable  toi  mini  Kl’\ 
guided  weapons  and  cannon-launched  guided  projectiles  applications 

Paper  4 1 1 describes  a high  performance  (X  I)  linear  imaging  liras 

Session  X Pie  linal  session  wa  devoted  to  signal  processing  I scellent  papers  weie  piesented  showing 
applications  ot  (X  1)  and  SAW  tcchnic|ucs  in  signal  processing 

I he  lust  three  papers  ' I . 5 2.  5 » describe  apphe  a I ions  ot  S \W  . ( X I ).  and  a combination  ol  (X  I)  and  SAW 
to  the  s Imp  / transtorm 

SAW  chirp  / transform  as  applied  to  a pulse  sloppier  microwave  racial  had  a 40  dh  dynamic  range  and 
frei|uenc>  determination  achieved  with  an  accuracy  ol  0 01  i Isu  a total  process  time  of  SO  microseconds 

A combination  ot  (X  I).  as  a sampling  memory  and  a SAW  dispersive  delay  line  has  permitted  the  design  ot  a low 
cost,  low  power,  small  size  1 ourier  Iranslorm  signal  processor 

Ihe  (X  I)  chirp  / transform  has  shown  limitations  relative  to  the  digital  last  I ourier  transform  Nevei theless, 
applications  can  be  tound  in  video  bandwidth  reduction,  speech  processing,  I l ll\.  sonobuoys.  when  loss  cost  is  a 
dominant  design  spccitication  associated  with  modest  perforniances  and  sufficiently  high  volume 

typical  applications  where  SAW  technique  is  perfectly  adapted  are  described  in  papeis  5 4 and  5.5 

Paper  ' 4 describes  an  acoustic  convolver  designed  for  several  signal  radar  processing  and  more  particularly  to 
synthetic  aperture  radars  An  interesting  comparison  with  digital  convolvers  shows  a number  of  advantages  for  SAW 
technique,  one  ol  the  most  important  being  to  suppress  the  need  for  a rough  phase  quantification  needed  m digital 
techniques  which  is  a cause  for  quality  degradation 

Paper  5 s is  devoted  to  pulse  compression  application  in  a high -performance  radar  A 1 It  of  51  20  has  been 
realized  with  a bandwidth  ot  512  \lllz  and  a pulse  width  of  10  microseconds  I he  frequency  of  operation  is  1 (illz 
Range  separations  between  targets  has  been  as  small  as  4 nanoseconds 

Although  the  advantage  ol  (X  I)  technique  is  not  so  obvious.  Paper  5.  ’ presents  an  application  of  (X  I)  delay 
line  to  M 1 1 clutter  rejection  Ihe  results  are  very  promising  as  far  as  cost,  size,  power  dissipation  are  concerned 
I \pectmg  an  increase  m the  dynamic  range  available,  it  seems  that  (X  I)  technique  could  be  a good  candidate  for  this 
ty  pe  of  application 


VI 


U.  \Kl>  \N  KINK'S  I*  \Nl  l 


i'll AIRMAN  Mi  .1  \ HUhmii 
l K C , Ottawa  r.in.ul.i 

l>l  ITU  l II  \l KM  AN  li  II  A limmcrs 
Nl  K Aimtetvlam.  Netlieil.imlv 


I'RlH.R  AM  lOAIMII  III  Ml  Mill  KS 


Mi  A Hi.iuliuh.iiim.ini 
I liomsoii  l SI 
Malakolt.  I ratin' 

M lather 

i entie  O'l  win  on  \ ol 
Hietiim'  sur  Oi(te.  I tanee 

rill  iH'|HT 
KSR1 
Malvern.  I K 

I I 1'iaiiu'iiil 
K A IH 

Koine  M I S\ 


II  I kie 

A S kongstvi):  \ ai'ivnl.it'rikk 
ki»ij!\boH!.  Not  wav 

li  kollH'Uvllt‘1 
All.  leletunken 
i im.  i ki; 

I .1  Sui'l.i 

l S Anns  I I OM 

I ort  Monmouth.  NJ,  I s \ 

I Stern 

Mill  meoln  l at' 

1 evulsion.  M A I S A 


I*  VNl  I t Ml  HUM 

l\li  IVli  1'amittu‘rv 
•Mi ARP  NATO 
7.  me  Aneelle 
'>.'700  Neuilh  mii  Seme 


I ONI  I MS 


I'KI  I VI  I 

I’KOl. K VM  VND  Ml  l I IV.  Ol  I U 1 VI  S 

SI  SSION  I II  MIVMIM  VI  UlllNOllH.V  \M>  (KINDS 

SI  VII  Ol  nil  VKIOI  Ul)  VMiSVtt  III  IINOl  IR.II  S llmiusl  Paper  l 
In  I I I'laibome 

I III  KOI  I S I OK  l l 1*  VND  S vv>  IN  SU.N  VI  I’KOl  I SSIM . . | liml.M  I’apei  I 
In  I Hi.  K.<bcil<. 


■li 

ill 

Krlm'iiif 


I I 

i : 


SI  SSION  II  Ml  IINOl  Ol.V  VNI)  Dl  Ml  IS 

M VII  Kl  VI  l IIOIl  I I OK  OPIIMI  VI  S VVV  Dl  V ll  l 1*1  Kl  OKV|  VNl  l 

In  K VI  Olonitell.  V J SlotHHlmk.  Jr.  ami  I’  II  l arr  ’ I 

Mil  Kl'"  VV  I SI  Kl  VI  I VI  Ol  Sill  Vi  vv  l t OMPONl  MS 

hi  P ll.if li'iiunn  ' ' 

Dl  V I l OI‘V||  N I Ol  V liHlVIH/  |l  VND"  ID  111  1*1  l SI  lOMl’KI  SSION  SI  MSN  SI  l M I OK 
VIKHORNI  im  ll  V 1 ION 

In  VI  B N Butler  s 

Sll.N  VI  I’KOl  l SSINl . Willi  V Kl  I I I l I IV  I DO  I VKK  H iRDVI 

hi  l I*  Suite  .in. I II  liii  .le  V .14(1  - -I 

INI  l ll  V I Dl  rill  I l I K VI  ION  SI  K Dl  S OSl  III  VI I IKS  V ONDI  S VI  Ol  SlIlVl  1 S 
Dl  SI  Kl  VI  l 

par  V|  V alitoiv  I’  l f»(n|iir  el  I*  llarteiiiami  - > 

ll  N VBl  I VI  Vl.Nl  lOl  l VS  I U SI  Kl  Vl  l " VV  I OSl  1 1 l V 1 OKS 

tn  l.  Yolluel  - b 

I’lKIOKMVNlI  l IVIII  VI  IONS  Ol  lVVOI’HVSl  H D'S 

bv  V V Brow  lie  - 

I III  Dl  Sll.N  VND  Dl  V I l Ol’MI  N I Ol  l I D I’KlH.K  VMM  VBl  I I K VNSV  I KS  VI  I ll  1 1 KS 
VND  l OK K I l VI OKS 

In  J Slav  or  .iml  l’  B IVmer  - *S 

VHVBKIDSlll  H D Sll.N  VI  I’KlH  l SSOK 

b\  VV  II  I'oiiMav  .nul  D K Mow  - 0 

I’VI’I  K "11  DDK  VVVN  -10 


SI  SSION  III  I l Nl  llON  VI  MODI  US  SI  BSV  SI  l MS 

V VV1DI  H VNDlllDlll  H D Bl  I 1 l K VII  MOKV  SVSIl  V| 
l>>  N Siemein.  K " Wallace  .nul  l K Robinson 

V MR  KOl’KOl  I SSOK  l ONI  KOI  111)  I l 1 l I Kir  VI  l V I’KOl. K VMM  VBl  I IK  VNSV  I KS  VI 
I II  I t K 

In  V I'howaniec.  K Wallace.  VI  V lopelaml  ami  V V ll;u|iie 

Dl  Sll.N  VND  I’l  Kl  OKVI  VNl  l Ol  S Ml  KI  SON  UOKS  VND  Kl  SON  V I OK  I ll  11  KS 
In  VV  llavtll.  I’  Hiesitijtor.  11  koMKirhet  ami  I’  Schmitt 

SVSIl  VIS  VI’I’l  ll  VI  IONS  Ol  SVVV  I ll  It  KS  VND  Dl  l VV  l INIS 
bv  l'  II  t'arr 


un 


V 4 


1  111  AIONOL1I  HIC  INTtliR  AI  ION  OL  Sl'RlAU  ACOllSTIl  WAVt  AND  SI  MICONDOCIOR 

CIRl'l  II  I I I Ml  MS  ON  SILICON  LOR  MALI  HI  D I II  I I K DLVICL  1)1  \ I LOPMI  NI 
t'\  I-  S llickernell  ami  II  J HunIi 

I XPLRIMLNTS  AND  ANALYSIS  Ol  ACOCSTOLLl  l'l  Rll  Ml  AIORA  CORRl  l AIORS 
In  k A InyehnyiNen  A Rauneklen  ami  S Stueflolten 

CONVOLIH'ION  L I'  CORRELATION  A All  MOIRI  A L'AIDI  III  COMPOSANTS  \COl  SligCI  S 

AONDISDI  SCRKACL 

l>ar  II  l.aulier.  I Alaerfeld  el  P 1 ournoix 

LSI  A IDI  O COAIPRLSSION  AND  COM  PC  I A I ION  Al  MODlllSl  I ILI/INl.  DU. 1 1 Al 

I II  ARl.l  COl'Pll  D Dl  AICLS 

In  R A Allen.  D J Spencer  amt  l S Millet 

CIIVRl.l  COl  PLI  D Dt  A III  S HIIII  SIAIl’l  II-  III)  DRI\  I Kl  Ol  IRIAIIMS 
l>\  J N 1»khIiii)| 

SAW  I It  II  R API’l  ll  A I ION  IOR  I’ll  ASI  I)  ARK  AA  R AD  AR 
t<\  'A  Samlet  ami  AA  II  llat  ill 

P API  R AAIIMDR  AAaN 


SI  SSIONIA  IAI  Al.l  RA  il  l ID 

MODI  l IS  A I ION  Dl  SIRl  III  Rt  S Ml  1 Al  ISOI  ANI  SI  Mil  ONDCCII  l R SI  R l d Hy  le 

APPl  ll  A I ION  Al  \ DISPOSI  | II  S A 1R  ANSI  I Rl  Dl  l II  ARl.l  (Ml  R IM  Al.l  Rll  INI  RAROl  l.l 
|»at  Al  Sirieiv.  Al  l.arna.  J l ane  el  J Smumne 

IRl  l D IM  Al.INl.  SI  NSORS  A Rl  A II  A%  l)|  |)|  A ll  I DPI  IONS 
In  A J Sleekl 

I I PI)  IHI  OPIIMI  M SOI  ID-SI  All  MSI  SI  ANNI  R 
l>\  Hun  I it  Iseity  ami  l.  P Vleekler 

lllll  Rl  I I I R Al  1 1 All  N I Al  Ol  SIH.H  l S DIM  Al.l  S DPI  ll.>l  IS 
par  II  l ..inlier  t Maerlel.l  el  P liMirmm 

P API  R aaiiiidr  aaan 

APPl  ll  A I IONS  1)1  All!  ARl.l  l Ol  PI  1 I)  Dl  A ll  l SI  NSOR  I OR  N AP-OI  1111  I ARID 

III  I ICOPI I K DPI  R A LIONS 
h\  A kleuler 

A I I I)  Dll. II  Al  IM  Al.l  SIORI 
hv  I*  Al  HaKton  ami  P R Samwavi 

A l CD  Ml  MORA  CHIP  I OR  R AD  AR  IA|  Al.l  PRIH  l SSINl. 

I'\  k Rtnlde.  I Stem  ami  II  ) Mull 

1 l III  Rl)  OP  III'  Al  PRIH  1 SSINl.  Ol  Sll.NAlS  AND  IM  Al.l  S 
In  D R.n  . Al  A Copeland  and  l II  Chan 

CH  ARl.l  INJLCLION  Dl  A II  I (CIDl  II  AD  AM  ARI)  LIH  Al  PI  ANI  PRIH  LSSOR  LOR 

IM  Al.l  B ANimiDl  II  COAIPRL  SSION 

In  1.  J Michon.  H k Burke.  I l A oyelsony  and  P A Alerola 

A till. II  PI  Rl  ORAI  ANI  L CCD  l INI  AR  IM  Al.INl.  ARR  AA 
In  A A Ibrahim.  J J VAhile,  k l.  AleQnhae.  k A An.  D l.allanl.  V\  C Bradlei  and  I*  AA  lohin 


i\ 


Kflcrtmr 


SI  SSIOS  V SK.N  VI  HKlH  I SSISl. 

WVH  OHMl  N I AMI  APHLU  VIION  Ol  VS  AH  l IIIKH  / I K ANSKOKM1  K 
b>  M BN  Bullrr 

lilt  l IIIKH  t IK  VNSIOKM  Hill!  W 0 \N|>  SAW  m IINOUH.Y 
hi  I)  Vlat  I all.  J l ollius.  W Siuttrlli  aiul  A Cippun 

shu  i k \ i vs \n  sis  t sisi.  mi  uiuiiikh/  iransiokm 

In  »v  l I irnolc.  H J Vtaier.  H W BoaJurl.  'I  ile  Wit,  i K llrwcs  aiul  I)  I)  Bn*. 

VHHl  It.  VI  IONS  l)'l  S U)N\ Oil'll  l K HI!  /Ol  l 111  KK.HI  All  IK  VIII  MINI  I>1 
Sll.SAl  K VI)  VK 

par  H Vnlhouanl  rl  I Beaman 

OHI  K VI  IDS  Ol  S AW  Kt  I'  LI  VI  IN  1 VKK  W HI  1 SI  V OVIHK!  SSOKS  IS  V IIU. II  HI  Kl  OKV|  VSl  I 
K VO  VK  W I IH  0 4 V||  ||  K K VSl.l  Kl  SOU' I IDS 
hi  W J | iky.  S V l ollnll  aiul  H l.rlii'i\ 

v sovi  i sh.s  vi  is i H.RvroR  i sisi. ki>s, 

l>>  ( Hlranur.Hl  1 Roberts.  K O Imlor  JIM  Nnmin  amlOd  Hloodaurlli 

1 II. SI  V Kl  I VKH  IH  INHI  llll  HOI  K IK  VIII  VII  SI  HI  SH.S  VI  K VII  VK  VITl  K V I IOS 

V I N VI  I | 

par  J 1 Berger.  |1  Renenc  cl  K > an  lime 

V l l II  HI  I VV  l ISI  IK1HHI  l K VS  VI  S SI  K 
hi  J [l  Jackson.  l»  K Attains  aiul  J S llccks 

l OVIBISI  |I  VI  01  ISI  1 IDS  VSIl  I ISI  SN  Si  HKOSI/  V I IOS  SN  Sll  VI  I OK  HK1  VII  SHI  C l Kl  V| 
RHIIMKSl  SISl.  V I VHHl  II  III  I V\  l ISI  l OKKtl  VlOK 
hi  W H Baicr.  V|  Hantlil  aiul  II  l.ranumillcr 

HVHI  K WI1HHK  VWS 

HVHI  K Vl  1 1 III  IK  OVS 


S I 

5 2 

S .1 

5 4 

5 5 

5 h 

5.? 

5 N 

S *> 
> 10 
5 1 1 


I 11 


STAU-O*  Tht-ART  01  CCD  AND  bAw  TECHNOLOGIES 

tew  i * T C I a • bc>r  ne 
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SUHHARY 

i paper  presents  a survey  >>f  the  status  i»f  component  technologies  for  charge  coupled  devit.es  (CCD) 
a-iJ  Surface  acoustic  wave  Je*»vrs  (SAW'  m t<*rmv  ,'t  device  performance  and  application  to  subsystem 
signal  processing  functions.  The  per formance  mil  be  discussed  for  imaging  and  image  processing  as  well 
as  analog  and  digital  signal  processing  Recent  developments  in  SAW  technology  will  be  mentioned  including 
resonator  filters  and  transform  processing. 

I INTRODUCTION 

A generalized  statement  of  systems  functions  addressed  by  these  component  technologies  will  be 
presented  i • order  to  provide  a framework  for  subsequent  discussions  of  key  topics  of  the  s v mpo s i uni , 
r . signal  processing,  including  memory  app I » c a t i ons , and  imaging,  both  visible  and  IR).  Specific 
components  which  serve  these  general  systems’  needs  will  be  reviewed.  Examples  will  be  presented  of 
well  level. iped  components  which  are  representat i ve  of  the  present  s t a t e -of  - 1 he- ar t as  opposed  to  one-of-a-kind 
•eseafeh  results  Time  will  not  permit  a complete  e xpos i t i on  of  all  the  possible  devices  which  have  been 
described  in  the  literature  Many  important  devices  which  have  been  omitted  here  will  be  covered  in  other 
talks  at  this  symposium.  The  conclusion  of  this  pape-  n a set  of  tables  presenting  current  and  projected 
performance  for  each  type  of  component . 

II  generalized  SYSTEM  requirements 

CCD  and  SAW  components  have  •'any  significant  roles  to  play  in  today  ’ s systems.  In  order  to  under- 
stand the  implications  of  the  device  performance  in  the  contest  of  fundamental  systems  requ*  ements,  consider 
a specified  block  diagram  of  a generalized  system  which  could  apply  to  radar,  commun i cat  ions , or  imaging 
systems  as  shown  in  Figure  I.  Such  a system  has  an  input  for  signal  or  data  acquisition  followed  by 
c ■ ep  r,\ets  i ng , some  type  of  data  processing,  and  an  interface  which  leads  to  a display,  data  link,  or 

t r ansmi  t ter  . 

To  illustrate  what  is  meant  for  a generalized  system  concept  consider  the  simple  example  of  a TV 
system  First,  a TV  receiver  has  a front  end  consisting  of  a tuner  with  prefiltering,  followed  by  pre- 
processing in  the  form  of  the  complete  tuner  function  with  the  IF.  The  data  processing  section  includes 
. .'lor,  video,  and  sound  demodu I a t i on . The  interface  in  this  case  could  be  simply  a buss  qoinq  to  a display 
which  -s  usually  a CRT  A1 ternat i ve !y  , of  course,  a TV  transmitter  system  can  have  a CCD  camera  for  the 
input  with  the  processing  roles  reversed,  and  the  output  wou I d be  a TV  transmitter  To  apply  this  structure 
to  systems  of  general  interest  to  this  audience  consider  first  a general  radar  system  In  a radar  system 

there  are  a number  of  places  which  the  CCD  and  SAW  components  can  play  major  roles,  for  example,  in  front 
end  filtering  and  preprocess i ng  through  pulse  compression  Frequently  there  is  a requirement  for  doppler 
processing  fol lowed  bv  multiplexing  (or  some t • mes  memory)  and  then  radar  Jisplav  A spread  spectrum  receive' 
system  a I so  requires  front  end  filtering  In  general,  there  is  a need  for  system  sy nenron i zat i on  and, 
perhaps,  a need  for  a fast  hop  frequency  synthesizer  In  the  pr eproc ess i ng  area  there  is  a general 

requirement  for  prewhiteninq  and  matched  filtering.  Data  processing  can  be  digital  data  processing  or 

perhaps  transform  processing.  The  interface  function  would  frequently  rwqUire  memory.  Imjqing  systems 
y a similar  .on test  could  use  charge  coupled  device  imagers,  intensified  imagers,  infrared  CCD’s  and 
IS  detectors.  Frequent lv,  bandwidth  compression  is  a desired  preprocess i ng  step.  Also,  f requent 1 > , « mage 
■fly*  nd  target  acquisition  are  functions  for  the  processing  section  fol lowed  by  memory,  scan 

conversion,  and  multiplexing  leading  to  display  system  These  very  generalized  system  comparisons  are 
n tended  to  illustrate  certain  functions  which  are  required  for  either  components  or  subsystems  and  for 
which  {be  CCD  and  SAW  are  well  suited  Most  of  these  systems,  for  example,  require  various  types  of 
bandpass  filtering.  There  is  a need  for  matched  filtering,  correlation,  pulse  compression,  and  the  pre- 
whitening  for  spread  spectrum  commun i ca t i ons  , as  well  as  more  sophisticated  subsystems  such  as  the  doppler 
processor  Analog  and  digital  memory  are  frequent  prime  requirements  The  ability  to  perform  scan  conversion 
» o reformat  data  consistent  with  display  re^ui'er^ent  s is  another  very  important  application  area. 

In  order  to  show  how  these  types  of  general  requirements  lead  to  some  specific  applications  of 

these  te  hnoloqies,  in  Figure  2 the  same  breakout  of  system  functions  is  used  to  illustrate  where  some 

of  these  requ i r emen ts  occur.  To  make  this  comparison  meaningful  in  terms  of  the  component  technologies 
that  are  to  be  considered  at  the  symposium,  the  frequency  ranges  of  interest  are  plotted  across  the  bottom 
of  Figure  2 along  with  words  to  illustrate  where  imaqers,  SAW  filters,  and  CCD  devices  provide  the  necessary 
functions.  This  is  a very  qualitative  indication  of  the  position  of  each  of  these  component  technologies 
and  is  simply  intended  to  illustrate  the  wide  range  of  functions  and  the  large  number  of  sockets  that  these 
components  can  fill. 

III.  SIGNAL  PROCESSING 

The  discussion  of  signal  processing  will  be  broken  up  into  some  general  classes  of  functions. 

First  will  be  discussed  the  transversal  filters,  recursive  filters,  signal  transform  devices,  adaptive 
filters,  various  types  of  correlators,  and  finally  convolvers  and  combined  SAW/CCD  signal  processing 
functions.  Figure  3 shows  the  surface  acoustic  wave  transversal  filter.  For  historical  reasons  this 
device  is  being  described  first.  The  surface  wave  filter  consists  of  two  or  more  interdiqital  transducers 
which  are  metal  e lect rode-arravs  deposited  on  a piezoelectric  substrate.  The  input  transducer  converts 
electrical  signal  into  elastic  signal  in  the  substrate  in  the  form  of  a Rayleigh  wave  which  propagates 
along  the  surface.  Interdigital  transducer  taps  or  output  transducer  can  be  placed  at  any  point  along  the 
propagation  path,  and  the  amplitude  and  phase  of  the  output  taps  can  be  arbitrarily  specified  by  the 
geometry  of  the  electrode  pattern.  This  device  is  a particularly  simple  example  of  a transversal  filter 
structure.  The  impulse  response  of  the  filter  is  specified  in  terms  of  the  transducer  geometry  and  the 
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output  from  the  filter  is  a convolution  of  the  input  signal  with  the  impulse  response  of  the  device.  The 
SAW  filter  is  inherently  an  analog  device  with  larqe  dynamic  range  possible.  It  is  also  possible  to  obtain 
good  efficiency  for  the  transduction  from  electrical  to  acoustical  signal. 

The  CCD  is  similarly  a very  simple  semiconductor  device  for  which  surface  electrode  potentials  are 
used  to  store  and  manipulate  charge  along  the  semi  conductor  surface.  Analog  signal  in  the  form  of  charge 
is  stored  in  potential  well  underneath  these  electrodes.  The  structure  shown  in  Figure  A is  a three-phased 
CCD  with  a coplariar  electeode  structure.  This  sort  of  device  is  ideally  suited  for  clocked  delay  lines 
which  can  be  used  for  analog  filters.  These  devices  can  also  be  used  for  analog  and  digital  memory  and  for 
self-scanned  solid  state  imagery  depending  on  the  method  used  to  introduce  the  charge  into  the  device  struc- 
ture. The  CCD  relies  on  the  clocking  of  the  potentials  of  the  electrodes  to  create  a delay  line.  The  manner 
in  which  such  a delay  line  can  be  used  to  create  a sampled  data  filter  is  shown  in  Figure  5.  Discrete 
delay  stages  and  the  means  for  tapping  the  delay  along  the  device  can  be  provided.  The  mathematical  equations 
which  represent  this  operation  are  also  shown.  One  method  of  sampling  the  conventional  CCD  employs  split 
clock  electrodes  and  differential  sampling  of  current  of  one  of  the  clock  phases  as  shown  in  Figure  6.  The 
current  in  each  line  depends  upon  the  charge  under  each  electrode.  As  with  the  surface  wave  device,  geome- 
tries can  be  used  to  control  the  impulse  response  of  the  CCD  filter.  It  should  be  noted  here  that  the  CCD 
filter  lends  itself  ideally  to  integrated  circuits  i ncorporat i nq  transversal  filters  with  other  signal 
processing  circuitry. 

A comparison  of  the  CCD  ans  SAW  technologies  reveals  certain  differences  which  lead  to  choices  based 
on  advantages  for  various  system  app I i cat i ons . For  example,  the  mode  of  operation  of  surface  wave  device 
is  passive  while  that  of  the  CCD  is  active.  The  SAW  is  in  general  a fixed  delay  line  while  the  CCD  is 
variable  with  the  clock  rate  controlling  the  delay  time  or  the  rate  of  data  propagation  through  the  device. 

The  SAW  has  a continuous  sampling  while  the  CCD  is  a sampled  data  filter.  SAW's  have  typically  good  temper- 
ature stability  based  on  the  inherent  properties  of  the  piezoelectric  substrate  while  the  CCD  stability  can 
be  controlled  by  a master  clock  which  controls  the  clockinq  of  the  delay  line.  The  surface  wave  device  has 
a large  dynamic  range  (typically  > 100  dB)  while  that  of  the  CCD  is  also  proven  to  be  quite  large  (>  70  dB) 
and  is  quite  useable  for  many  app I i ca t i ons . Taking  the  comparison  one  step  further  and  ignoiing  the  details 
of  the  specifics  of  the  two  technologies,  many  similar  functions  can  be  realized.  Figure  7 qives  a simplified 
view  of  the  operating  bandwidth  and  processing  time  of  the  two  types  of  devices.  The  surface  wave  device 
can  typically  provide  bandwidths  of  up  to  I GHz  and  operates  generally  between  10  MHz  and  I GHz.  The  CCD  is 
basically  a MOS  device  which  in  transversal  form  required  peripheral  circuitry  which  can  in  fact  limit  the 
upper  frequency  of  operation  to  % 2 MHz.  However,  the  clocking  can  be  a I so  performed  slowly  and  the  CCD's 
can  operate  down  to  very  low  frequencies.  These  two  devices  are  quite  complementary  in  the  range  of  operation 
and  in  comparisons  where  the  same  function  is  to  be  provided  either  in  VHF  or  UHF  as  compared  with  RF 
frequencies  and  lower  frequencies  there  is  an  obvious  choice  between  the  surface  wave  and  the  CCD  device. 

Time  bandwidth  products  for  the  two  devices  range  in  the  neighborhood  of  lO’-lQ4,  perhaps  even  higher  in  the 
case  of  SAW  devices.  As  will  be  mentioned  subsequently,  the  combination  of  surface  wave  and  CCD  technologies 
can  provide  a quite  larqe  time  bandwidth  products  subsystem. 

A.  Transversal  Filters 

Some  examples  will  now  be  shown  of  some  of  the  applications  of  components  which  are  readily  available 
today.  One  of  the  first  successful  applications  of  SAW  technology  was  in  the  area  of  pulse  compression 
filters  for  radar  systems.  Shown  in  Fiqure  8 is  a typical  result  which  is  several  years  old.  Time  band- 
width products  of  greater  than  100  and  sidelobes  suppression  of  qreater  than  30  dB  is  readily  available  at 
IF  frequencies  which  lie  in  the  VHF  and  UHF  bands.  More  recent  work  using  reflective  array  correlators  (RAC) 
has  demonstrated  time  bandwidth  products  up  to  I04  and  superior  phase  control.  Matched  filters  for  pulse 
compression  and  code/decode  functions  have  been  demonstrated  for  CCD  as  well.  V 

Examples  of  transverse  bandpass  filters  are  shown  in  the  next  three  figures.  First,  good  out-of-band 
rejection  is  illustrated  by  a SAW  filter  sintered  at  287  MHz.  Rejection  of  greater  than  70-80  dB  is  shown 
across  the  spectrum  from  dc  to  I GHz.  SAW  filtersof  this  type  have  traditionally  required  moderate  insertion 
loss  on  the  order  of  20  dB  to  suppress  triple  transit  echos  and  distortion  effects.  This  fact  has  limited 
their  application  to  IF  functions.  It  is  now  possible  to  achieve  low  insertion  loss  with  low  distortion  with 
moderate  out-of-band  rejection  using  un i d i rect i ona 1 techniques  as  shown  in  Fiqure  IQ  As  shown  here,  filters 
for  front  end  applications  are  also  possible,  and  insertion  losses  of  less  than  I dB  have  been  demonstrated. 
Transducer  structures  of  this  type  require  multiphased  arrays  and  bi-level  meta 1 I i zat ion  systems  for  fabri- 
cation, and  techniques  for  manufactur i ng  the  devices  have  been  developed  This  technology  should  make  low 
loss  filters  a standard  component  of  many  system  applications.  CCD  bandp  filters  have  also  been  demon- 
strated and  are  now  being  exploited  for  real  systems  applications.  For  e iple,  Figure  11  shows  the 
bandpass  of  a filter  1C  design  for  a citizen's  band  radio  application.  These  CCD  filters  are  well  suited 
for  RF/IF  filter  requirements  and  can  be  expeceted  both  in  commercial  and  military  app I i cat  ions . 

B.  Recurs i ve  Fi 1 ters 

In  addition  to  the  transversal  filters  described  above,  recursive  filters  are  now  possible  for  both 
SAW  and  CCD.  For  the  SAW  technology  a particularly  important  device  is  the  trapped  energy  mode  resonator. 

A schematic  illustration  of  the  SAW  is  shown  in  Figure  12.  A cavity  is  formed  by  d i s t r i but i oned  reflectors 
deposited  or  cut  into  the  surface  of  the  piezoelectric  crystal  substrate.  An  interdigital  electrode  trans- 
ducer can  be  used  to  couple  to  the  cavity  which  is  formed.  This  device  is  analogous  to  the  bulk  wave 
resonators,  but  has  the  advantage  that  it  can  be  fabricated  for  frequencies  up  to  L-band.  While  the 
conventional  bulk  wave  resonator  structures  are  normally  limited  to  frequencies  of  'v*  10  MHz,  the  surface 
wave  resonator  can  also  provide  Q's  of  qreater  than  104,  and  both  frequency  control  and  narrow  band  filter 
functions  can  be  provided  in  the  VHF  and  UHF  bands.  Figure  13  illustrated  the  performance  of  a typical 
SAW  quartz  resonator.  Using  devices  of  this  type,  multipole  filter  structures  can  be  realized.  The 
stability  of  the  surface  wave  resonator  with  temperature  is  that  of  substrate.  For  example,  the  so  called 
ST  cut  of  quartz  for  surface  waves  is  within  a factor  of  ^ 3 of  the  stability  that  would  be  obtained  with  an 
AT  cut  crystal  for  bulk  wa»'e  resonators.  The  short  term  stability  of  SAW  resonator  devices  is  quite  good. 

For  example,  on  the  slide  the  Allen  variance  is  plotted  versus  the  averaging  time  for  a surface  wave  resonator 
oscillator.  It  can  be  seen  that  the  variances  approaching  10'  0 can  be  obtained  for  averaging  times  in  the 
neighborhood  of  10  msec.  For  the  CCD  recursive  filter  the  modes  of  feed  forward  and  feedback  can  both  be 
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to  provide  zero*  and  poles  Re*  in  •»  I vr  filtei  theory  van  be*  applied  foi  v.ii  loot  type*  of  filter  designs 

C.  Transform  Suhs y s t ems 

Anothei  impoi  tant  application  are.*  «...  these  technologies  has  been  in  the  irali/ation  of 
signal  transform  functions  Rec  ogn  i / 1 nq  that  (I)  arbitrary  impulse  i espouses  can  be  obtained  and  that 
12)  these  van  be  coupled  with  convolution  opeiations  has  lead  to  t he  implementation  of  subsystems  for  various 
alqoi  1 thms  A powerful  technique  which  has  been  demons  1 1 ated  is  tfu*  vhlip  2 transform  wf*  i c ft  van  implemented 

In  sample  data  form  as  shi*wn  in  figure  IS  Meie,  a time  ordered  sequence  of  Fourier  cv»ef  f Ic  ients  can  be 

obtained  tor  finite  t i sequenev  input  wavefoim  Thus,  it  is  possible  to  build  subsystems  which  can 
transform  signals  from  the  time  domain  Into  frequency  domain  and  through  the  inverse  transform  to  go  back 

f r om  fieguency  to  time  domain  in  real  time.  The  building  blocks  for  this  I I I us 1 1 a t I on  ai e simply  chirp 

tiairsveisal  fiiteis  which  ai  e used  for  signal  p i emu  I t I p 1 i c a l i on  and  pos  tmu  1 1 i p I i c at  i on  operations  with 
a thiid  filter  providing  convolution  with  a chirp  filtei  To  see  how  this  actually  wot  ks  in  piavtUe, 
consider  the  analysis  of  fouriet  coefficients  of  a square  wave  as  shown  In  figure  lb.  An  input  200  Hz 
waveform  is  shown  in  the  upper  trace  A and  t he  output  spectrum  going  up  tv*  the  19th  hatmoniv  is  shown 
in  the  K*wei  tiaves  of  H , l , D It  is  clear  that  the  time  ordeied  sequence  of  Fourier  coefficients  is  just  as 
• spec  ted  with  t he  odd  haimonics  fallinq  off  with  the  oidei  Ihis  technique  has  been  applied  to  seveial 

system  requirements.  An  airport  surveillance  processor  is  just  one  shown  here  In  Figure  I/.  Tire  processor  * 

is  used  to  sepaiate  radai  * etui  in  foi  both  doppler  and  position  by  sortinq  the  sivpial  into  i anqe  bins 
and  by  ana  I vzing  the  signal  in  terms  of  t f*e  dvtppler  si*iit  by  taking  foui  iei  transform 

Simi  tails,  leal  time  siqnal  transforms  are  possible  with  svirfave  wave  devices  for  example,  a 
chirp  tiansfoim  again  based  on  individual  tiansve'sal  filter  cv»mponents  is  shv*wn  f*eie  to  implement  a 120  point 
transform  for  a 2 bsev  inteival  The  surface  wave  device  is  operating  on  a signal  carrier  and  thus  we  see 

pulses  of  vw  whe i e the  time  oidei  depends  on  the  frequency  of  the  input  signal.  Theie  are  a number  of 

applications  for  this  technique  tor  t he  VHf  and  UMF  i anqe  such  as  spi ead  spectrum  lecelveis,  with  the  pre* 
whiteninq,  spectral  analysis,  and  so  on  Fuither  , tt*ese  subsystems  van  be  used  tv*  per  form  hlqhri  level 

functions  for  example,  in  order  tv*  peifv*rm  matched  filtering  In  a manner  similar  to  that  i n which  digital 

pi  ov  ess  is  performed,  the  correlation  of  two  waveforms  van  be  achieved  by  taking  the  Inverse  transform  tv* 
obtain  the  matched  filtei  output.  I samples  of  this  technique  and  operation  will  he  shown  for  a simple  f'N 
sequence  Thus,  the  ability  to  take  tiansfoims  of  waveforms  provides  alternative  tools  for  doing  adaptive 
data  processing  The  operations  that  aie  possible  include  various  types  of  bandpass  filtei I nq  with  amplitude 
weighting  in  the  frequency  domain,  various  types  of  matched  filtei  i ncj , and  so  on.  The  list  of  app I i c a t i ons 
is  actually  quite  laiqe  and  thi  . technique  that  is  Just  beginning  to  be  realized  foi  future  systems  application. 

0 Adaptive  Correlators  and  Convolvers 

Theie  are  othei  alternative  techniques  foi  providing  adaptive  filtering  foi  both  CCD  and  SAW 
technologies . Shown  in  Figure  20  Is  an  illustration  of  the  correlation  of  two  analog  waveforms  using 
the  sampled  data  technique  Meie  an  input  waveform  is  put  through  succeeding  delay  stages  and  sampled  at 
eac h point  These  samples  can  be  multiplied  toqethei  with  similar  samples  from  the  reference  function  and 
the  outputs  can  be  summed  In  parallel  to  provide  an  analog/analog  correlator.  This  foimat  is  pat t i v til  at  ly 
well  suited  for  the  chaiqe  coupled  device.  There  are  many  other  variations,  but  time  does  not  permit  a 
survey  at  this  pc*  I nt 

Similar  functions  can  be  performed  for  SAW  devices  through  the  convolver  structure.  This  Is  an 
interesting  hybrid  device  in  which  the  piezoelectric  substrate  Is  coupled  to  an  adjacent  semiconductor. 

Signals  which  are  introduced  at  either  end  of  the  substrate  can  be  sampled  and  the  patallel  products  van 
be  summed  along  the  propagation  path  through  the  interaction  of  the  surface  wave  fields  with  the  semiconductor. 

This  type  of  device  has  recently  been  shown  to  be  practical  on  a laboratory  scale  and  is  shc*wn  in  figure  21. 

1 he  assembly  of  the  surface  wave  piezoelectric  substrate  and  the  semiconductor,  I n this  case  silicon,  can 
be  accomplished  with  fairly  s t ra i ght forwar d packaging  techniques,  although  this  type  of  device  Is  ceitainly 
not  as  well  developed  as  the  transveisal  filtei  which  has  been  discussed  earlier. 

E SAW/CCD  Processors 

A final  type  of  processor  which  car*  be  provided  by  these  technologies  Is  actually  a combination  of 
the  SAW/CCD  device  technolog ies . In  many  Instances  in  data  processing  It  Is  desirable  to  provide  a two 
dimensional  Fourier  transform.  The  surface  wave  device  because  of  Its  high  bandwidth  capab  I 1 1 1 i e*'  can 
provide  very  rapid  real  time  one -d imens I ona I Fourier  transform.  The  CCD  because  It  is  a device  which 
allows  one  tv*  manipulate  analog  information  in  at*  array  form  is  ideally  suited  to  provide  a corner  turning 
memory  (or  scar*  converter  as  it  is  sometimes  called).  The  operations  which  can  be  achieved  through  the 
use  of  one~dimens ional  transforms  plus  CCD  array  manipulation  immediately  suggests  that  two-dimensional 
Fourier  transforms  van  be  performed  using  the  techniques  which  are  convent Ional ly  used  with  digital  processors 
High  speed  surface  wave  input  Fourier  transforms  can  be  performed  on  data  tv*  provide  a one-dimensional  trans- 
form.  The  data  can  then  be  read  into  ai*  array  and  this  atiay  can  then  be  addressed  In  a perpendicular 
direction  tv*  provide  tow  in-column  out  in  such  a way  that  the  second  dimension  Fourier  transform  v an  be 
piovided  with  a sevond  high  speed  sutfave  wave  Four  lei  transform.  The  cv*mblning  of  these  technologies 
makes  it  possible  tv*  provide  very  fast  two-d imens i onal  Four  I e r transforms.  Foi  example,  It  Is  possible 
tv*  lake  an  array  which  is  roughly  1024  x 1024  and  provide  a leal  time  2-D  Fourier  transform  in  the  time  of 
perhaps  S - 1 0 milliseconds. 

IV  MEMORY  DEVICES 

It  Is  bevond  the  scope  of  this  overview  tv*  go  Into  the  digital  memoiy  app I I cat  Ions  of  the  CCD 
technology.  However,  for  v **mp leteness , one  slide  will  be  shown  here  which  discusses  what  Is  currently 
available  and  what  Is  projected  In  terms  of  semi conduc tor  memory  through  the  CCD  technology  For  example, 
a 6S.416  bit  CCD  memory  part  is  currently  available  by  several  manuf a* turers . Typical  performance  by  such 
a device  (TMS  1064)  provides  a maximum  data  late  of  S megabits  pet  second,  minimum  data  late  of  I megabit  pel 
second,  avei age  latency  t ime  ot  400  ml c i oseconds , power  dissipation  v*m!d  be  typivally  TOO  mw  max  It  is 
projected  that  by  the  year  19/9*80  it  will  be  possible  tv*  obtain  a factor  of  4 higher  hit  c apav  itv  chins 
(262,  I S4  hit  chips).  The  surface  wave  technology  van  also  lend  Itself  tv*  various  types  of  memoiy  lev hnoioqy 
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The  application*  directly  to  digital  memory  ate  not  a*  clear  at  thl*  point  In  time.  However , the  ability 
to  provide  long  delay  time*  ha*  been  demonst rated . Up  to  millisecond  delay  time*  can  be  achieved  with  the 
u*e  of  ampl I f I cat  Ion  In  the  *urface  wave  piopagation  path.  There  may  be  role*  for  analog  memory  for  the 
*urface  wave  technique  a*  well,  paitlcularly  where  high  data  rates  are  desirable.  Again  thl*  technlgue 
I*  beyond  the  *cope  of  thl*  particular  survey. 

V.  IMAGING  DEVICES 

A*  ha*  been  aluded  to  ear  I le» t CCD  |*  ideally  suited  a*  a *e I f -scanned  solid  state  imager.  Chaige 
i an  be  introduced  Into  the  various  locations  In  the  CCD  array  from  Incident  light  by  Integrating  for  a finite 
period  of  time.  An  aiea  array  I*  paitlcularly  well  suited  for  the  Imaging  appl I cat  Ions . Some  imager  format* 
are  shown  in  figure  22  for  typical  Imager  conf I gurat Ions . The  full  frame  area  array  is  shown  first  In  thl* 
va*e,  chaige  packets  representative  of  local  light  load  are  stored  In  a matrix  during  an  Integration  time 
The  signal  I*  read  out  by  shifting  a line  at  a time  Into  the  output  shift  register.  This  type  of  operation 
requires  a shuttering  of  the  camera  or  a large  I ntegr ate/readout  time  ratio.  In  the  frame  transfer  mode, 
one  section  of  the  Imager  collects  the  image  which  I*  transferred  rapidly  Into  a memory  section  Readout 
of  the  memory  Is  accomplished  while  the  new  Inrage  Is  being  collected.  Another  technique  which  has  application 
both  In  visable  and  Infrared  for  a moving  Image  Is  the  time  delay  and  Integrate  mode  of  operation.  The  Image 
is  Integrated  from  pixel  to  pixel  in  a synchronous  manner.  This  time  delay  and  Integrate  (TPI)  technlgue 
provides  a continuous  Input  and  continuous  output.  Other  techniques  for  Imaging  include  the  GE  CIO  and  the 
fairchild  interline  transfer  scheme.  The  system  tradeoffs  In  terms  of  performance,  area,  frame  rate,  system 
condigurat Ion,  etc.  are  applications  dependent  and  determine  which  format  I*  chosen. 

To  (Illustrate  a real  CCD  Imager,  Figure  23  shows  a 400  x 400  area  Imager  wh I c h was  developed  for  the 
Jet  Propulsion  laborator I es . This  Is  an  example  of  a full  frame  imager.  The  particular  technology  used 
here  is  backside  Illumination  of  a thin  CCD  area  array.  (The  light  enters  from  one  side  and  the  electrodes 
are  on  the  other).  Thl*  I*  a large  bar  being  approximate ly  I centimeter  x I centimeter.  There  are  several 
imager*  of  *imilar  s I ze  which  are  available  comine t c lal ly  today.  These  represent  perhaps  the  present 
* t ate -of - 1 he-ar t of  approximate ly  160K  to  I8SK  elements.  Examples  of  imager  performance  for  two  different 
si /e  area  arrays  are  shown  In  Figure  24  where  a 1 MM/  readout  rate  Is  used  for  a 400  x 400  area  array  and 
a 160  x 160  area  array.  These  two  designs  have  been  useful  for  Imaging  development.  The  400  x 400  Imaging 
array  has  high  resolution  obtained  because  of  the  large  number  of  pixels.  The  detail  can  be  seen  in  the 
hair  and  eyes.  It  is  possible  also  to  obtain  low  defect  imagers  even  with  such  large  arrays  as  can  be 
seen  from  this  photograph.  A smaller  number  of  resolution  elements  In  the  second  array  still  provide  a 
fair  amount  of  information. 

A limiting  feature  of  the  CCD  imagei  is  the  so  called  dark  current  which  tends  to  block  out  the 
information  contained  in  the  potential  wells  as  the  wells  fill  up  with  charge.  However,  rather  long 
integration  times  can  he  achieved  as  shown  in  Figure  25  where  at  room  temperature  storage  times  on  the  order 
of  many  seconds  can  be  achieved  with  still  relatively  good  imager  performance.  The  storage  time  Is  limited 
by  variations  of  the  dark  current  pattern  which  accumulates  tor  the  full  period  as  indicated.  Cooling  these 
sensors,  of  course,  would  imply  longer  storage  times  and  also  would  Imply  that  one  could  obtain  better 
sensitivity  since  longer  integration  times  could  be  used. 

The  CCD  imager  has  some  desirable  features  for  various  types  ot  image  process  systems.  For  example, 
a photograph  of  Uranus  was  obtained  using  a ground  based  telescope  and  the  400  x 400  element  area  array 
shown  previously.*  The  work  here  provides  detail  trot  formally  observed  using  other  sensor  techniques. 

The  photograph  shows , in  particular,  an  example  of  the  application  ot  long  integration  time.  The  photograph 
was  taken  using  an  Imager  cooled  to  -40°C  and  Is  the  result  ot  7 frames  that  have  been  processed  by  a computer. 
Each  of  the  frames  is  obtained  using  two  2 minute  exposures.  Actually,  this  photograph  provided  detail 
which  was  not  previously  available.  First,  the  polar  region  is  observed  using  tittering  tot  urethane 
absorption  at  8900A  which  shows  the  polar  region  as  a dark  aiea  This  is  the  first  feature  that  has  ever 
been  observed  from  a ground  based  telescope  fo  Uranus.  The  second  ke>  point  Is  that  it  was  possible  to 
get  a good  measure  of  the  diameter  of  Uranus  which  led  to  new  estimates  for  the  density  of  this  planet. 

The  desirable  features  of  the  CCD  here  weie  the  linear  Input/output  c hai a*  t et  I s t i c s and  t he  tact  that  t he 
individual  pixel  locations  is  very  accurately  known 

Another  technlgue  for  obta I n I nq  good  low  level  light  performance  is  shown  In  figure  7b,  i r the 
use  of  the  electron  bombarded  CCD  imaging  tube  In  which  the  insident  light  strikes  a photocathode  and 
accelerated  photoelectrons  are  used  to  obtain  gain  The  backside  techttoloqy  Is  again  used  here  with  the 
electrons  impinging  on  the  back  of  the  CCD  aiiay  The  use  ot  gain  before  the  sensor  relaxes  leguiiements 
f c*  r dark  current  noise  level  and  coo  ling.  The  gain  Is  obtained  by  accelerating  the  phot  c»e  lec  1 1 ons  to 
several  thousand  electron  volts  and  re-imaging  on  the  silicon  backside  ••••face  ot  the  imager  The  net 
result  Is  that  the  Intensified  CCD  I*  photon  noise  limited  to  signal  approaching  I photon.  Figure  27 

shows  the  signal  to  noise  ratio  obtained  versus  the  face  plate  lllaml**  on  or  direct  slew  ot  silicon  and 
Intensified  CCD  using  the  GaAs  photocathode . The  curve*  show  the  * »t  -men t In  signal  to  noise  ratio  that 
Is  obtained  using  photocat hodes . It  should  be  pointed  out  that  t>  » . * i *iew  s I I I c on  heie  Is  assumed  to 
be  at  room  temperature.  By  cooling  the  silicon  imager  , It  Is  possible  to  move  the  curves  down  so  that  at 
I ow  light  level  I I I urn  I nat Ions  better  signal  to  noise  ratios  are  obtained 

VI.  CONCLUSION 

The  present  and  projected  charac ter  I st  its  of  the  CCD  and  SAW  devices  are  summarized  In  the  following 
three  tables.  From  the  brief  outline  of  systems  regul r ement s and  device  functions  presented  In  this  paper, 
it  can  be  .een  that  CCD  and  SAW  components  are  subsystems  have  a key  role  to  play  In  future  radar,  communi- 
cation, and  imaging  systems. 
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SAW  Dt VICES 


Char  ac ter  1 s t 1 ».  s 

Present 

Projji  ted 

General 

Center  Frequency 

10-600  MM* 

10-2600  MM/ 

T empe  r a t u re  Stability 

V|  ppm/ * C 

vO . 1 ppm/  * C 

rco  T RAN jVI HSAl  FI l H RS 

Hin.  Insertion  Loss 

2 dB 

0.2  dB 

Char  ac  ter  I st i cs 

Pi esent 

Pr  ojei  ted 

Transver  sa 1 Filter 

~ 

Has.  Fractional  Bandwidth 

sot 

loot 

Bandwidth  (W) 

2 MM, 

SO  MM/ 

Has.  Frequency  Side  lobe 

SO  dB 

70  dB 

Time  Delay  (Td) 

100  Msec 

1 Sec 

Suppress  I on 

Has.  Time  Length 

1 20  usee 

2S0  psec 

TdW  Product 

A 00 

1 0 , 000 

Amp  1 I t ude  R I pp 1 e 

0 . 1 dB 

0.02  dB 

Dynamic  Range 

60  dB 

100  dB 

Phase  Ripple 

!2° 

•0.5* 

Stop  Band  Rejection 

-A0  dB 

-60  dB 

Resonator  filter 

Harmonic  Distortion 

-60  dB 

-70  dB 

Han.  Unloaded  Q 100  MM/* 

40.000 

80,000 

Spurious  Suppression 

-2S  dB 

-A0  dB 

Aq  I nq 

10  ppm/yr. 

0.5  ppm/yr. 

Complexity  Level  in  Mono- 

2  por t , 

2 por t . 

lithic  Form 

1 po  1 e 

A po  1 P 

TABU  2 

■'Varies  Inversely  with  frequency 


TABLE  I 


CLP  I HAGERS 


Char ac * e r I st  I cs 

Pr  esent 

Projected 

Ar  ray  S i /e 

400x400 

800x800 

Resolution  Element 

SI  /e 

26  x 26 

10  x 10 

Dar  k Cur  tent  l eve  1 s 

\ nA/cm^ 

0 . 6 nA/ cm' 

( I00K) 

i urn 

1 urn 

No l se  E qu 1 va 1 en t 

1 ,4sl0'4  M' 

2. TkIO"*  FT 

Signal  (Clear  Night  Sky)  (Overcast  Night 

Sky) 

CTE  0.9999  0.99999 

TABLE  3 
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SUMMARY 

I'he  recent  emergence  of  two  radically  new  methods  for  the  real  time  processing  of  signals  raised  the 
important  question  of  how  they  may  best  be  used  and  how  they  relate  to  one  another  and  to  other  techniques. 
We  diacuaa  the  key  factors  determining  the  effectiveness  of  CCD  and  SAW  in  a range  of  application  fields, 
assessing  in  which  roles  they  are  likely  to  be  most  appropriate  and  how  they  compare  with  the  rapidly 
expanding  range  of  digital  devices.  As  well  as  contrasting  the  techniques  in  mutually  exclusive  situations, 
we  show  how  it  is  often  possible  to  complement  one  with  another  to  good  effect. 

1.  INTRODUCTION 

In  this  paper  we  attenf>t  to  review  the  attractions  of  SAW  and  CCD  techniques  to  the  designer  of  signal 
processing  subsystems,  particularly  in  the  present  context  of  rapid  advances  in  LSI  digital  technologies . 

A full  account  of  such  a wide  field  is  not  possible  here  and  the  more  specialist  reader  is  referred  to 
the  con|>rehensi ve  discussions  of  the  issues  involved  which  is  available  in  the  proceedings  of  the  recent 
Aviemore  specialist  seminar,  (IKE  l*)7t>). 

The  approach  here  is  intended  to  emphasise  the  achievements  of  SAW  and  CCD  rather  than  to  dwell  on  their 
possibilities  tor  the  future,  which  is  the  proper  area  of  concern  to  other  papers  at  this  meeting. 

2 CONSTRAINTS  ON  MODERN  SIGNAL  PROCESSING  TECHNOLOGIES 

At  present  the  rate  of  advancement  in  the  available  performance  (if  not  the  rate  of  procurement)  of  electro- 
nic systems  is  probably  higher  than  ever  before,  and  is  due  increasingly  to  improvements  in  information 
processing  techniques  rather  than  developments  in  the  more  basic  components  of  systems.  The  overwhelming 
trend  over  the  last  few  years  has  been  the  enlargement  of  options  available  to  system  designers  through 
the  wide  range  of  digital  components  whose  speeds  and  costs  have  consistently  shown  exponential  improve- 
ments by  factors  of  almost  two  per  year. 

Against  this  dominating  backdrop,  alternative  analogue  signal  processing  techniques  can  emerge  from  the 
research  laboratory  into  the  real  world  only  with  extreme  difficulty.  This  is  firstly  because  of  the 
immense  investment  backing  provided  by  the  growth  of  the  computer  industry  and  also  because  many  systems 
(especially  large  ones)  are  now  often  conceived  in  a digital  format  whereby  sampled  data  is  assumed, 
interleaving  of  different  data  streams  is  requi red  and  adaptive  or  at  least  reprogrammable  processing  is 
ad van t ageous . 

It  is  now  fair  to  claim  that  surface  acoustic  wave  (SAW)  devices  have  overcome  this  hurdle  and  established 
themselves  as  robust,  compact  devices  with  some  capabilities  unlikely  to  be  rivalled  by  arithmetic  process- 
ing for  many  years  to  come.  However  the  position  of  the  charge  coupled  device  (CCD)  is  not  yet  so  safe. 

The  device  technology  is  not  so  mature  and  its  important  signal  processing  parameters  we  shall  see  are 
rather  closely  in  line  with  those  of  digital  processors  so  that  the  balance  of  advantage  is  often  determined 
by  the  secondary,  but  often  vital,  issues  of  power  consumpt ion , sire  and  cost;  the  last  of  these  being 
strongly  sensitive  to  the  volume  of  production. 

Other  technologies,  for  example  magnetic  spin  waves,  magnetic  bubbles  and  cob  ent  optical  processors, 
while  of  interest  in  principle,  have  not  yet  received  such  widespread  at  tent  hi,  probably  because  of  their 
reliance  on  specialised  materials  or  close  mechanical  tolerances.  It  is  apparent  therefore  that  a realistic 
appraisal  of  the  likely  impact  for  each  type  of  device  must  pay  attention  to  the  commercial  pressures 
brought  about  by  the  heavy  commitment  in  industry  to  the  technology  of  integrated  circuits  on  silicon  and 
by  the  needs  of  the  consumer  market  for  television,  OB  radio  and  video  game  components  etc.  A new  techno- 
logy requiring  non-standard  manufacturing  methods  or  exotic  materials  and  not  able  to  earn  its  keep  bv 
satisfying  a large  scale  commercial  need  is  unlikely  to  supplant  existing  signal  processing  devices  even 
in  high  performance  military  systems  required  in  small  numbers. 

Both  SAW  anJ  CCD  are  able  to  capitalize  on  existing  industrial  capabilities.  SAW  devices  are  fabricated 
almost  exclusively  on  readily  obtainable  Lithium  Niobate  or  quartz  and  use  for  the  most  part,  standard 
single  layer  metal lizations  defined  by  conventional  photoli thography . Also  the  common  need  for  carefully 
specified  and  reproducible  IK  filters  in  TV  receivers  is  now  providing  a strong  commercial  stimulus  for 
maintaining  SAW  technology.  CCD  uses  the  standard  methods  of  silicon  technology  and  its  more  specialised 
requirements  for  multi-level  polysilicon  gates  and  low  dark-current  material  can  be  justified  bv  the  large 
scale  markets,  outside  signal  processing,  for  CCD  memories  and  imagers.  With  both  CCD  and  SAW  therefore 
competit i velv  poised  from  the  viewpoint  of  device  fabrication,  we  may  consider  their  more  tundamental 
attributes  from  the  point  of  view  of  a system  designer. 

3 COMPARISON  OF  SAW  AND  CCD  CHARACTERISTICS  WITH  THOSE  OF  DIGITAL  COMPONENTS 

3.1  Digital  Processing 

The  verv  evident  advantages  of  digital  components  include  the  convenience  of  a 'universal  library'  of 
commonly  required  simple  functions,  comprising  for  instance  analogne-di gi t al  converters,  multiplexers, 
stores,  multipliers  and  adders.  A dual  second-order  filter  even  is  now  available  on  a single  chip.  These 
permit  the  building  up  of  more  conj> le x processors  such  as  Fourier  transformers  and  adaptive  filters  of 


predictable  and  stable  performance  with  no  special  development  costs.  The  epitome  of  the  all-purpose 
progr a tana  b le  device  is  the  microprocessor  chip.  Perhaps  the  greatest  impact  of  the  digital  revolution 
has  been  in  the  st andardi zat i on  ot  information  handling  methods.  Data  bussing,  bit-serial  or  parallel 
formatting,  multiplexing  and  handshaking  have  all  become  coanonp lace  operations  and  simplify  the  inter- 
facing ot  a wide  range  of  devices. 

The  universality  and  arbitrary  accuracy  of  digital  conqionents  is  pre-eminent  in  decision  making,  control 
functions  and  precise  long  term  storage  but  from  a signal  processing  point  ot  view,  these  advantages  may 
be  bought  at  some  expense  in  power  consumption,  cost  and  limited  bandwidth.  For  instance  to  perlorm 
digital  multiplication  of  sanj>les  at  a rate  of  a few  MHz  typically  requires  several  watts  whereas  a CCD 
or  SAW  transversal  filter  may  perform  10^  or  10*2  equivalent  multiplications  per  sec  with  far  less  con- 
sumption. Of  course  digital  bandwidths  can  usually  be  increased  by  using  proportionately  larger  volumes 
ot  hardware  but  the  cost  and  power  consumption  are  also  proportional.  The  speed,  cost  and  size  of  digi- 
tal hardware  is,  as  we  have  noted,  subject  to  exponential  improvement  with  time  but  the  same  progress  does 
not  seem  to  apply  to  the  power/speed  ratio.  Table  1 illustrates  the  attainments  of  the  major  digital 
technologies . 
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TABLE  I - Comparison  of  the  major  LSI  technologies 


Against  this  dominant  theme  of  cheap,  non-special i sed , time-flexible  digital  building  blocks  with  complex- 
ity, power  consumption  and  cost  roughly  proportional  to  the  product  T.B.D  (signal  storage  time,  signal 
bandwidth,  dynamic  range)  required  in  any  application;  the  SAW  and  CCD  techniques  justify  themselves  in  a 
less  general  way  by  offering  large  bandwidths,  cheap  systems,  miniaturisation  or  low  power  consumption  in 
specific  cases  where  these  are  vital. 

3.2  SAW  Processing 

The  surface  acoustic  wave  device  is  of  interest  in  signal  processing  chiefly  because  of  its  following 
characteristics: 

(i)  Its  planar  technology  is  realisable  by  standard  IC  methods  using  computer 
a i at  d de  sign. 

(ii)  Simple  construction,  cheap  in  volume  production. 

(iii)  Stable  parameters,  (time,  frequency,  phase,  amplitude). 

(iv)  Very  high  bandwidth  (hundreds  of  MHz). 

(v)  Accessibility  of  the  signal  at  intermedi ate  points  within  the  device. 

The  device  is  basically  an  IF  analogue  delay  line  with  a propagation  delay  of  order  3 us/cm  with  an  opera- 
ting frequency  typically  in  the  range  10  to  500  MHz  and  a fractional  bandwidth  up  to  SOT.  However  through 
a detailed  understanding  of  the  device  behaviour  (diffraction,  reflections,  mass  loading  etc)  it  is  possible 
to  design  input  and  output  transducers,  couplers  and  reflecting  structures  to  define  very  precisely  a 
variety  of  required  impulse  responses.  Because  the  signal  exists  within  the  filter  as  a wave  on  the  sur- 
face of  the  substrate,  multiple  output  transducers  are  possible,  for  instance  to  realise  a tapped  or  variable 
length  delay  line. 

The  established  capabilities  of  SAW  devices  in  signal  processing  systems  largely  depend  on  fixed-function 
filters.  This  is  not  as  limiting  as  might  be  thought,  since  several  possibilities  exist  for  controlling 
system  behaviour  by  exploiting  the  frequency  dependence  of  filters.  The  determining  characteristics  of 
SAW  devices  arise  through  the  more-or-less  fixed  propagation  velocity,  the  availability  and  convenience 
of  handling  crystal  substrates  of  no  more  than  say  20  cm  in  length,  and  the  sub-micron  accuracy  possible 
in  defining  transducer  structures  by  photolithography  techniques.  These  result  in  typical  storage  or 
delay  times  T below  70  us  and  typical  bandwidths  in  the  range  15  kHz  ('1/T)  to  several  hundred  MHz.  The 
parameters  B and  T cannot  be  chosen  independently:  for  instance  long  delays  are  not  available  at  the  high- 
est bandwidths  and  operating  frequencies  because  of  attenuation,  and  the  precision  of  lithography  reduces 
with  longer  structures  so  that  the  B is  again  lowered  for  large  T.  This  can  be  roughly  expressed  in  terms 
of  a limiting  T.B  product  of  order  10^  for  inter-digital  transducers  and  10*4  for  devices  using  grooved 
reflective  array  structures  which  are  not  so  widely  available. 
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The  dynamic  range  tor  a SAW  device  may  be  limited  by  the  thermal  noise  Moor  or,  more  coasoonly,  by  spurious 
signals  due  to  electrical  breakthrough,  triple  transit,  and  bulk  wave  generation.  The  signal  insertion 
loss  enters  into  The  equation  and  a dynamic  range  ot  60  to  70  dB  is  typically  attainable. 

We  now  consider  the  range  ot  processing  functions  readily  available  in  SAW  form,  excluding  those  which 
are  not  yet  past  the  research  phase. 

SAW  Delay  Lines 

Fixed  SAW  delays  of  up  to  a tew  tens  of  us  are  now  finding  their  way  into  systems,  tor  exan^le  to  provide 
the  'early'  and  'late'  channels  in  a synchromi  zat ion  tracking  loop  in  spread  spectrum  connuni cat  ions*  In 
radars  using  a fixed  prt  of  10  kHz  or  more,  SAW  delays  are  convenient  for  clutter  cancellers  and  coherent 
aenx'ry  tilters  tor  doppler  processing  (Jackson,  J.I).  et  al  , 1976)  where  a wideband  delay  accurately  matched 
to  the  pulse  repetition  interval  is  needed.  The  accurate  registration  can  be  maintained  in  spite  of 
trrape rature  variations  by  also  using  the  delay  line  to  generate  the  pulses.  Delays  variable  in  discrete 
steps  are  obtainable  by  switching  between  a set  of  alternative  input  or  output  transducers.  The  minimum 
de l av  increment  possible  is  about  20  ns.  Similarly,  Capped  delay  lines  use  several  output  transducers 
s i mul t aneous ly . Continuous  control  ot  the  delay  is  possible  using  a pair  of  dispersive  SAW  delay  lines 
(mames,  J.D  and  Paige,  E.G.S.,  1 0 7 3 ; and  Dolat,  V'.S  and  Williamson,  H.C.,  1976)  as  shown  in  Fig  1.  In 
this  scheme  the  dependence  of  delay  upon  frequency  is  exploited  by  mixing  the  signal  to  the  frequency 
that  corresponds  to  the  required  delay  and  subsequently  translating  back  to  the  original  centre  frequency. 
Dispersion  within  the  signal  bandwidth  is  conyensated  by  the  second  SAW  disperser  of  opposite  slope. 

SAW  Transversal  Filters 

In  this  important  class  of  devices,  the  function  of  the  inter-digital  transducers  is  expanded  to  build  in- 
to the  device  a response  defined  by  the  detailed  positions  and  lengths  of  the  electrodes.  Within  the 
previously  mentioned  limits  of  duration  and  bandwidth  we  can  specify  an  arbitrary  and  "complex"  impulse 
response,  (cocplex  since  we  can  separately  control  both  the  amplitude  and  the  phase  of  each  contribution 
to  the  impulse  response).  The  precision  of  the  realised  response  is  dependent  on  careful  control  of 
spurious  secondary  effects  and  it  is  a measure  of  the  success  achieved  in  this  that  errors  are  often  at 
the  -60  dB  level. 


The  main  successes  of  SAW  devices  have  been  based  on  variants  of  the  transversal  filter:  those  configured 
as  IF  bandpass  filters,  dispersive  delay  lines  for  waveform  generation  and  matched  filtering,  and  'chirp' 
filters  incorporated  into  fast-acting  spectrum  analysers.  Filters  with  complicated  amplitude  and  phase 
responses  are  now  produced  accurately  and  cheaply  in  production  quantities  for  TV  receivers  whilst  the 
ability  to  generate  and  filter  optimally  designed  modulation  waveforms  has  materially  improved  radar  pulse 
compression  systems.  A dramatic  picture  ot  the  possible  processing  bandwidth  of  a SAW  transversal  filter 
is  provided  by  noting  that  for  T - l us,  B - 500  MHz  (TB  ■ 500)  a digital  equivalent  would  require  10J 

products  to  be  summed  at  a sampling  rate  of  l GHz:  a computing  rate  of  10^  products  per  second! 

The  principle  of  the  compressive  receiver  (Edwards  J A and  Withers,  M J.,  1967)  and  its  extension  to  a 
full  Fourier  transformer  (Otto,  O.W. , 1976)  greatly  enlarges  the  scope  for  applying  SAW  chirp  filters  to 
pressing  problems  in  signal  analysis.  These  range  from  the  rapid  determination  of  frequency  over  wide 
bandwidths  to  adapting  the  frequency  response  of  a filter  using  a versatile  processor  able  to  swap 
reversibly  between  the  time  and  frequency  domains,  (Maines,  J.D.  et  al,  1975). 

The  essential  simplicity  of  the  SAW  Fourier  transformer  is  indicated  in  Fig  2.  A single  chirp  filter  is 
used  to  compute  the  integral  of  products  which  arises  in  the  definition  of  the  transform,  Pre-  and  post- 
multiplication (mixing)  by  chirp  waveforms  is  also  necessary,  unless  the  amplitude  (not  phase)  spectrum 
only  is  of  interest,  in  which  case  the  filter  output  is  simply  detected.  The  chirp  signals  are  convenient- 
ly obtained  by  impulsing  other  SAW  filters  (not  shown).  Because  SAW  devices  operate  at  IF,  carrying  complex 

(amplitude  and  phase)  modulation,  quadrature  channels  are  not  involved  if  the  signal  is  also  available  at 

IF.  The  basis  of  the  scheme  is  the  identity 
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The  left  hand  side  represents  the  hardware  function{S  is  multiplied,  convolved,  mul tipi ied ("M-C-M")  with 
functions  showing  quadratic  phase  or  linear  frequency  with  time)  while  the  right  hand  side  can  be  identified 
as  the  Fourier  transform  of  S,  if  we  interpret  the  output  time  scale,  t,  as  a frequency  (f)  axis  scaled  by 
f • ut/".  An  alternative  " CMC  " arrangement  is  equally  valid  and  time-weighting  functions  can  be  used  to 
control  spectral  sidelobes  down  to  at  least  - 35  dB.  As  would  be  expected,  the  spectral  resolution  is 
limited  to  ^1/T  for  the  shortest  chirp  in  the  system. 

^AW  Processors  with  Variable  Parameters 

A frequent  need  in  signal  processing  is  the  correlation  or  convolution  of  signals  against  a variable 
reference  function,  usually  another  signal.  There  is  therefore  a strong  research  interest  in  SAW  convolvers 
and  correlators.  These  exploit  non-linear  effects  in  the  piezoelectric  substrate,  in  a semi  conductor  or  in 
an  array  of  diodes  (see  Heighway,  J.  and  Paige,  E.G.S.,  1976  for  references  to  this  work).  However  these 
methods  of  generating  and  summing  product  terms  between  signals  involve  either  a high  insertion  loss, 
reduced  bandwidth,  limited  number  of  correlation  points  or  the  fabrication  of  a narrow  air-gap  over  the 
SAW  substrate. 


Possibly  the  roost  promising  short  term  approach  to  the  convolution  and  correlation  of  general  signals  using 
SAW  is  (as  in  digital  operations),  through  the  use  of  high  speed  Fourier  transformat ion.  (Gerard,  H.M.  and 
Otto,  O.W.,  1976).  In  general  such  completely  general  operations  in  SAW  are  still  within  the  province  of 
the  research  laboratory. 
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Variable  paranr'ei  SAW  processing  is  therefore  at  present  largely  restricted  to  the  relatively  simple 
cases  ot  variable  delay,  variable  bandpass  tillering  based  on  the  chirp  transform  and  a chirp  filter  of 
variable  slope  (Newton,  C.O.  and  1’aige,  K.C.S.,  197b),  All  these  rely  on  ingenious  application  ot  1 i xed- 
pa  raw  ter  filters. 

Agile  Cecil lators 

Although  perhaps  on  the  fringe  of  signal  processing  proper,  SAW  oscillators  deserve  mention  here  parti- 
cularly because  of  their  progr  a tana  b i 1 i t y . Control  of  the  frequency  is  possible  both  in  continuous  (MI) 
KM  ns’de  and  by  controlling  the  excitation  of  discrete  frequency  modes.  (Browning,  1,  et  al,  197b).  These 
techniques  provide  new  modulation  techniques  and  fast-acting  low-noise  synthesisers  covering  many  tens  of 
MM  z. 


Where  the  requirement  is  for  fast  frequency  hopping,  CV  frequency  modes  can  be  selected  by  a SAW  filter 
bank  (Laker,  KH  et  al  197b)  or  again  a combination  of  chirp  filters  can  be  applied  (Hannah,  J.M.  a al  , 
197b),  to  generate  sum  or  difference  tones  by  mixing  time-offset  chirp  signals  . 

1.3  CCD  Processing 

There  is  a marked  parallelism  in  the  signal  processing  functions  possible  with  CCD  and  SAW  devices.  This 
is  because  both  are  analogue  delay  lines  within  which  the  signal  remains  accessible  during  its  passage 
through  the  line.  The  attractive  features  of  CCD  include: 

(i)  Low  coat  in  volume  product  ion  since  1C  technology  is  used. 

(ii)  'Digital'  type  flexibility  by  virtue  of  the  clocked  time  scale. 

(iii)  High  bandwidth  (MO  MHz), 

(iv)  Long  delays  (many  ma>. 

(v)  Precise  time  control  for  system  synchronization. 

(vi)  Small  size  and  power  consumpt i on. 

CCD  offers  almost  uniquely  (cf.  the  bucket  brigade  which  it  has  almost  completely  superseded)  the  possi- 
bility of  using  digital  concepts  in  the  analogue  domain.  Through  applying  discrete  time  operations  on 
sampled  data,  we  have  much  of  the  adaptability  of  digital  components  without  the  hindrance  of  analogue-to- 
digital  conversion  and  the  reduced  bandwidth  of  multi-bit  arithmetic.  The  reverse  side  of  the  coin  is 
that  we  suffer  the  drift  sensitivity  of  analogue  devices  without  gaining  the  unlimited  accuracy  and  stor- 
age time  characteristic  of  the  computational  approach.  The  key  to  success  with  O'D  lies  therefore  in 
identifying  those  applications  to  which  processing  speed,  variable  clock  rate,  small  size  and  power 
dissipation  are  important  but  to  which  extreme  accuracy  is  not  crucial. 

In  contrast  with  the  fixed  propagation  velocity  of  SAW  devices,  the  passage  of  date  through  a CCD  is 
under  user  control,  subject  to  a limiting  storage  time  imposed  by  thermal  liberation  of  charge  carriers 
in  the  device,  and  subject  to  a maximum  data  rate  made  possible  by  the  clock  waveform  generator.  As  with 
.my  sampled  system,  the  sampling  rate  (■  the  clock  rate)  places  an  upper  limit  of  ^ to  the  signal 

bandwidth  so  that  a device  with  N storage  locations  can  accommodate  signals  with  a time-bandwidth  product 


s 


subject  to  the  following  qual i f i cat  ions : 

(i)  T cannot  exceed  the  storage  limitation  noted  above,  which  is  often  of  order  100  ms. 

(ii)  B may  be  restricted  by  the  cut-off  transition  of  any  anti-aliasing  filter  that 

precedes  the  CCD, 

(iii)  B raav  be  further  restricted  by  the  smoothing  of  the  signal  within  the  CCD  due  to  its 
finite  efficiency  of  charge  transfer.  This  preferentially  attenuates  the  higher 
frequencies  present  in  the  signal  with  a response  curve  of  the  type  shown  in  Kig3. 
(Vans tone,  G.F.  et  al,,  1974)  for  which  a first  order  expression  is 


Amplitude  « exp  l - Npe  (1  - cos  2nf/f  ) ] 

where  p is  the  number  of  CCD  electrodes  per  stored  sample  and  c is  the  fractional 
charge  residual  for  each  intere lect rode  transfer. 

Maximum  actual  bandwidth*,  as  distinct  from  those  normalised  to  f^t  are  governed  by  the  capability  of 

the  clock  generator.  When  this  is  on  the  CCD  chip,  power  dissipation  tends  to  limit  N to  about  10  MHz. 
External  clocks  are  commonly  used  up  to  several  times  this  but  are  of  course  less  convenient  in  use. 

The  wav  in  which  the  T and  B capabilities  of  CCD  and  SAW  complement  one  another  is  illustrated  in  Fig 
Each  has  a comparable  limit  in  T.B  product,  this  being  due  in  the  ('CD  case  to  N being  limited  by  achievable 
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charge  trims  ter  el  t icienriea , in  the  range  10"1*  to  111’1',  Figure  3 cannot  be  regarded  ua  definitive  beraua 
ol  di f ierences  between  device  functions  and  between  research  and  production  achievements;  however  its 
intention  is  to  depict  the  contemporary  development  stage  lor  f ixed-funct ion  transversal  filters.  For 
completeness  a hypothetical  convolver  based  on  an  existing  single-chip  digital  multiplier  capable  of  a 
5 MHz  data  rate  has  been  used  to  provide  a comparison  with  digital  technology.  The  useful  dynamic  range  is 
determined  by  the  non-linearity  ol  input  and  output  circuits  and  spurious  contributions  to  the  output  due 
to  clock  waveform  breakthrough  and  charge  transter  residuals.  60  dH  is  often  available. 


To  date,  CCD  technology  has  not  matured  to  the  stage  where  systems  relying  upon  them  are  in  regular  produc- 
tion. Nevertheless  a significant  range  of  processing  functions  have  been  demonstrated  and  some  of  these 
can  be  expected  to  appear  in  systems  very  shortly. 

CCD  Delay  Lines 


Although  precision  delay  may  seem  the  obvious  tirst  application  for  CCD,  and  indeed  several  exploratory 
processors  using  them  have  been  made,  no  firm  requirement  for  it  seems  to  have  emerged.  This  is  partly 
because  ol  the  established  capability  of  high  speed  digital  shift  registers  and  RAM  and  partly  through  the 
cheapness  ot  quartz  delay  lines,  particularly  for  TV  line  delays.  The  dynamic  range  of  a CCD  is  often 
inadequate  for  delay  line  cancellers  in  radar  and  the  charge  transfer  efficiency  is  severely  tested  when 
u large  number  of  range  cells  is  involved,  especially  in  recursive  filters  (Roberts,  J.B.C.  et  al , 197)). 

When  advantage  is  taken  of  the  freedom  to  change  the  clock  rate  however,  the  CCD  delay  line  becomes  far 
more  competitive  as  a means  I adapting  the  time  scale  of  a signal.  Speeding  up  recorded  speech  without 
changing  the  pi tch , correct  ion  ot  speed  variations  during  tape  replay  and  gathering  high  speed  transients 
tor  slow  readout  tor  analysis  or  recording  all  appear  to  be  viable  applications  for  CCD.  In  each  ot  these 
cases  obviating  the  need  for  an  A-l)  convertor  is  an  important  advantage  for  CCD.  Variable  delays  have 
also  been  used  to  explore  the  correlations  present  in  signals  as  shown  in  Fig  5.  (Roberts,  J.B.C  and 
Harm's,  R. , 1975)  and  to  dynamically  tocos  ultrasonic  arrays  (Bernardi,  R.B.  ct  al , 1976). 

Tapped  CCD  delay  lines  have  been  available  tor  some  time  with  12  taps  spaced  at  one-sample  increments. 

This  limit  to  the  T.H  product  (almost  inevitably  forced  hv  the  package  pin  count)  seems  to  be  adequate 
for  some  users,  particularly  perhaps  adaptive  filtering  with  the  tap  weights  driven  externally,  possibly 
using  multiplying  A-D  converters  driven  by  a microprocessor.  However  it  may  be  that  since  the  time-flexi- 
bility of  the  CCD  is  not  exploited,  and  digital  hardware  is  involved  in  any  case,  the  CCD  has  no 
overwhelming  advantage  unless  it  proves  possible  to  integrate  the  complete  processing  function  on  to  a 
chip. 

Such  an  application,  in  the  trarisforr  coding  of  TV  images,  has  been  proposed  (Roberts,  J.B.C  et  al , 1977) 
in  which  a tapped  CCD  may  be  integrated  with  a matrix  of  resistors  defining  the  transform. 

CCD  Transversal  Filters 


Functionally  the  transverse  tilter  is  identical  to  the  tapped  delay  line.  However  using  a f i xe d set  of 
tap  weights  removes  the  need  for  a separate  pin  connection  per  tap  and  allows  a device  with  a T.B  of 
several  hundred  to  be  incorporated  on  one  chip.  The  Summing  of  tap  contributions  to  form  the  output  is 
an  integral  function  with  the  clocking  and  the  very  powerful  computing  capacity  of  such  a relatively 
simply  manufactured  chip  makes  the  transversal  tilter  (as  in  the  case  of  SAW)  the  foundation  for  the 
success  of  CCD  technology  in  signal  processing.  To  relate  this  to  its  digital  equivalent,  the  filter 
reported  by  Buss  et  al  (1976)  with  5(H)  points  clocked  at  500  kHz  would  require  a mul t ipl i cat  ion  rate  of 
250  MHz.  This  gives  the  CCD  transversal  filter  a marked  advantage  over  digital  processing  when  simple, 
cheap  filters  are  required  for  handwidths  up  to  a few  MHz  (see  Fig  A). 

Superficially  there  is  a strong  resemblance  between  the  structure  of  SAW  and  CCD  transversal  filters 
since  both  define  the  impulse  response  by  the  positioning  of  breaks  in  the  fingers  of  an  interdigital 
structure.  However  the  geometrical  scale  and  the  physical  effects  used  are  completely  different.  An 
important  degree  of  freedom  is  exclusive  to  the  CCD  filter,  that  of  adjusting  the  time  (and  consequently 
the  frequency)  scale  by  simply  changing  the  clock  rate.  Such  an  adaptive  tunable  filter  may  be  the  tirst 
CCD  to  find  a volume  market,  in  citizen’s  hand  radio  receivers  ('Electronics',  1977). 

The  performance  limitations  for  CCD  filters  are  determined  by  fabrication  accuracy,  the  noise  level  ol  the 
output  amplifier,  the  linearity  of  the  input  and  output  circuits  and  to  some  extent  by  the  charge  transfer 
inefficiency.  A dynamic  range  of  75  to  80  dB  has  been  reported  for  a 500-point  filter  with  IX  harmonic 
distortion  (Buss,  I). I),  et  al , 1976). 


CCD  itched  filters  for  chirp  and  phase-coded  sequences  have  performed  well  for  T.B  products  ("processing 
gain)  of  order  100  and  handwidths  of  a tew  MHz.  Frequency  filters  with  AO  dB  stopband  rejection  are  also 
possible  with  Q factors  greater  than  100. 

As  with  SAW  technology,  one  of  the  most  exciting  prospects  held  out  by  the  CCD  transversal  filter  capabil- 
ity is  that  of  using  ' chi rp-trans form'  methods  for  spectrum  analysis  and  Fourier  transformation.  In  the 
lower  B and  longer  T regimes  appropriate  to  CCD  an  analyser  can  be  constructed  very  compactly  by  combining 
several  of  the  chirp  filters  needed  on  one  chip.  This  can  he  carried  further  to  provide  for  instance  n 
multi-channel  analyser  capable  of  processing  velocity  data  from  many  ranges  in  a radar  system  (Buss,  D.D 
et  al,  1975). 

Because  CCD  is  a time-discrete  technology,  we  obtain  the  discrete  Fourier  transform  (OFT)  or  Z-transform 
characteristic  of  sailed  data  (hence  the  name  ' chi  rp-Z-t  ransform'  or  CZT) . Other  variations  are  possible, 
for  instance  the  discrete  cosine  transform,  the  'sliding'  DFT  ( B rode r son,  R.W.  et  al,  1976)  an  the  prime 
t ransform  < hi ch  evaluates  the  DFT  without  using  multipliers  (Rader,  C.M.  1968  and  Buss,  D.D.  et  al , 1976B) 
CCD,  like  digital  processors  are  normally  operated  at  base  hand  (zero  centre  frequency)  so  that  the  real 
and  imaginary  parts  of  complex  data  must  he  handled  separately,  for  instance  four  convolvers  being  required 
for  a chirp-/  Fourier  transformer,  ar  indicated  in  Fig  6.  In  view  of  the  fact  that  several  filters  can  he 
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these  const  det  at  tons  mine  a more  constructive  argument:  given  the  existence  ot  the  different  t e thin*  1 ogre  h 
bow  beat  van  we  exploit  them  together?  l*his  matter  has  received  Nome  attention  recent  ly  (Beauvais,  I et  al 
1976;  Roberta,  d.H.ll,,  1976;  Whitehouae,  II. J.  and  Speiser,  l.M,  , 19  76)  and  olteis  promise  ot  combining  the 
beat  teatutea  ot  each,  lor  example  the  adaptability  and  long  storage  times  ol  digital  opeiatiott  with  the 
compact  ness  and  low  power  consumption  ot  last  SAW  processing.  We  the  re  I ore  conclude  this  review  with  some 
examples  ot  combined- technology  processors  which  hold  promise  toi  expanding  the  power  ot  signal  processing 
subsva  t etna . 

Manv  a y a t e ma  involve  the  processing  ot  manv  data  channels  ot  individually  low  bam. width.  lot  instance  a 
passive  sonai  mav  use  l tH>  ’beams'  ot  an  active  radar  or  aonat  , a large  number  ot  range-azimuth  cells, 
ti>i  each  ot  which  spectrum  analysis  is  requited  covering  only  a tew  kll?  with  a resolution  measured  in  Hr 
or  tens  ot  Hr.  SAW  time  scales  ate  completely  inappropriate  to  the  data  as  it  stands  but  by  storing  the 
data  t r t i me  compressed  readout  and  spectrum  analysis,  we  can  at  once  match  the  data  t o the  t ast  pro 
cessor  and  accomplish  the  analysis  in  a short  enough  time  tor  the  single  malvset  to  be  applied  sequentially 
tv>  all  the  parallel  channels  in  veal  time.  Beauvais  et  al , (1976)  have  described  such  a passive  sonai 
system  with  a digital  store  giving  a compression  ratio  ol  1.  10**  while  Roberts  et  (1977A)  Iras  described 
radar  doppler  processors  using  both  digital  and  (Yl>  memories  with  time  compression  factors  ol  order  1 1'  . 

Ihe  attraction  ot  the  lYP  store  is  that  a compact  simple  system  without  A-P  converters  is  possible  bv 
using  special  lYP  structures  (Roberts,  J.B.ll,  et  al  , 1976)  while  a digital  store  has  a longer  storage  time, 
can  be  read  non-dest rucl i ve l y and  uses  standard  components  only.  Fithei  storage  medium  allows  the  same 
hardware  modules  to  accommodate  a wide  range  ot  system  parameters  bv  using  clock  wave  t or ms  appropriate  t o 
the  system  pulse  rate  and  bandwidth.  Ihe  same  principle  has  been  suggested  as  attractive  tot  mimatuii 
sing  the  processing  ot  synthetic  aperture  signals  in  s i deways- look i ng  airborne  radar.  In  tins  case 
correlation  against  a chirp  reterence ,rat her  than  spectrum  analysis, is  required  to  which  a SAW  tilter  is 
equally  well  adapted. 

The  mere  tad  ot  adjusting  the  data  to  the  fixed  SAW  processor  is  an  important  extension  t o SAW  techno 
logy,  enabling  it  to  access  perhaps  S more  decades  in  bandwidth  than  would  otherwise  be  possible.  Even 
without  exploiting  the  multi-channel  capability  we  can  toi  instance  use  a SAW  chirp  analyser  as  a highly 
flexible  spectrum  analyser  with  a constant  TB,  ot  number  ot  resolvable  frequencies,  over  a wide  i ange 
ot  handwidths.  The  effective  dynamic  range  as  specified  by  the  hi ghest  sped ral  sidelobe  is  presently  only 
Is  to  >♦1'  dft  but  the  hardware  simplicity  should  make  the  eosl  very  competitive  with  other  types  ot  analyser. 

Ihe  virtues  ot  combining  lYP,  digital  and  SAW  technologies  in  a system  have  been  pointed  out  b\  Robert  s(  19  76) 
m connection  with  a spread  spectrum  video  link.  lYP  technology  (in  addition  to  its  role  as  the  imaged 
can  be  used  tor  coding  l‘V  video  tv’  remove  redundancy  either  using  chirp  techniques  tor  Fourier  lelated 
transforms  (Wrench,  F.K.  d al,  1976)  or  using  a tapped  lYP  delay  line  tv>  realise  other  transforms 
(Roberts,  J.B.il.  et  al,  1977B).  A further  reduction  in  redundancy  is  made  using  differentia!  pulse  code 
modulation  (Pl’i’M)  coding  in  which  advantage  ol  its  digital  nature  can  be  taken  tv'  make  the  coding  paia 
meters  programmable.  When  the  message  redundancy  has  been  reduced  as  tar  as  possible,  the  spectrum  ot  the 
transmitted  signal  is  spread  using  a combination  ot  SAW  chirp  tillers  tv'  generate  a sequence  ot  last 
frequency  hops  (Hannah,  .l.M,  et  al,  1976)  covering  perhaps  100  MHz. 

Profitable  combinations  ot  digital  with  (Yl>  techniques  seem  possible  in  two  distinct  wavs.  firstly  we 
can  control  and  adapt  (YD  filtering  using  logic  (Herrmann,  F.F.,  et  al  19  76  and  Oil  lev,  t.F.  et  al,  I9,’t>), 
the  simplest  adjustment  being  t o the  clock  rate,  tor  tuning  a bandpass  tilter  (K  led  roni  cs , 19;,’). 

Secondly  wo  v an  apply  (YP  technology  in  a digital  environment  ( /. i mme rman , I . A.  and  Allen,  R.A.  , I9’n) 
with  projected  advantages  in  power  consumption  and  high  functional  density.  Other  avenues  in  this 
i direction  are  offered  bv  the  possibilities  tor  using  lYP’ s to  carry  multi  level  digit  a'  data.  Ideas 

tor  applying  residue  arithmetic  and  multipliers  that  operate  by  convolving  binary  coet t icient s have  been 
ad varned  as  a means  towards  last  digital  correlators  and  convolvers  based  on  (YP  techniques  il.agnadv*,  l, 
et  al,  19 76) . However  it  seems  too  soon  t o evaluate  the  competitiveness  ot  these  against  more  conventional 
digital  processors. 

I’ONCirSlON 

The  advent  ot  the  SAW  and  lYP  technologies  cannot  be  seen  as  a threat  to  the  continuing  development  ot 
digital  technology  anti  techniques.  However  their  attributes  are  sut t i ci eut ly  distinct  t row  each  other  and 
t rom  digital  1SI  tv'  ensure  a place  tor  them  in  military  and  civil  systems  ot  the  future.  The  T-B  area  ot 
contention  between  lYP  and  digital  devices  is  certain  to  be  resolved  in  favour  ot  the  components  backed  bv 
the  requirements  ot  the  computer  industry.  However  both  (YP  and  SAW  transversal  filters  have  a combination 
i't  convenience  and  processing  bandwidth  well  ahead  ot  their  digital  equivalents  and  since  these  van  be 
applied  tv'  Fourier  t r ans  t ormat  ion,  and  hence  tv'  a wide  range  ot  variable  t liters,  there  seems  an  assured 
future  tor  SAW  and  lYP.  The  likelihood  is  that,  as  in  the  case  ot  SAW,  specialised  lYP  structures  will  be 
marketed  as  an  integral  part  ot  a system  with  only  a small  range  ot  general  purpose  delay  lines,  tapped 
[ vie  lavs  and  filters  becoming  available  generally. 

Hie  value  et  having  each  ot  these  t evhnologies  available  together  is  already  beginning  tv'  be  exploited  and 
this  trend  can  be  expected  t o continue. 
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DISCUSSION 

I Schaeffer 

In  the  iwo  techniques.  SAW  ami  CCD,  can  >ou  comment  on  the  lollowmg  relative  characteristics’ 

I Noise  figure , noise  temperature 
' Input  output  impedance 
< Signal  scaling 

4 Susceptibility  to  electric  magnetic  field  regarding  I Ml 
s Nuclear  susceptibility 

(i  Reliability 

Author's  Keplv 

5 \\S  and  CCD  technologies  are  veiy  different  both  because  ot  the  physical  principles  on  which  they  depend  and 
because  of  their  differing  stages  ol  development  I will  summarize  the  two  sepaiately 

S \W  I Noise  figure  is  perhaps  an  inappropriate  figure  of  merit  1 he  SAW  is  a passu  e dec  ice  with  nisei  non  loss 
vary  mg  between  ' db  c band  pass  filter)  and  ’0  db  (non  lineal  convolver  t "0  db  dy  namic  range  is  achievable, 
limited  by  spurious  bulk  mode  signals 

' Devices  are  normally  tuned  to  present  impedances  m the  region  ot  >0  ohms  \ SW  K is  ceic  application 
dependent  I J over  2l)‘l  bandwidth  is  perhaps  typical 

a Maciimiin  input  voltages  about  JOC)  colts 

4 and  s | have  no  c|uantitative  results  to  quote  but  SAW  are  perhaps  amongst  the  most  immune  t s'  I Ml 
lliey  are  normally  completely  sealed  in  a metal  package  and  are  specilied  lot  l h opeialional  militaiy 
systems,  including  airborne  ones. 

r>  Reliability  is  very  high,  probably  the  most  sensitive  feature  being  the  metallic  bonds  to  the  transducer 
pads  common  to  nearly  all  electronic  devices 

( C D I CCD  is  a low  noise  technologc  . the  output  amplifier  normally  providing  the  noise  flooi  t<0  to  ’0  sib 
below  the  maximum  output  signal  level 
’ Typical  values 

Input  impedance  10'*  ohms  m parallel  with  > p I Output  impedance  I kolinis 

s Maximum  signal  ' volts  peak  -to-peak  is  ty  pical  An  on-clup  amplifier  is  normally  aimed  lot  unity  gam. 
otherwise  output  is  m mV  region 

4.  5 and  b I don't  believe  that  C C D s luce  specifically  been  characterized  m the  these  respects  However, 
they  may  be  expected  to  behave  similarly  to  other  MOS  devices 
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ABSTRACT 

The  theory  of  surface  acoustic  wave  propagation  is  reviewed  and  some  of  the  various  material  design  para- 
meters which  follow  from  that  theory  and  which  must  be  considered  in  making  the  optimum  SAW  device  sub- 
strate choice  are  discussed.  The  parameters  covered  include  SAW  velocity,  piezoelectric  coupling  con- 
stant. e I ec t romech an i ca 1 power  flow  angle,  temperature  sensitivity,  propagation  losses,  and  beam  steering 
and  diffraction.  Depending  upon  the  device  being  designed  and  the  application,  some  of  these  parameters 
are  more  important  than  others.  In  the  design  of  temperature  stable,  broadband,  low  insertion  loss  devices 
the  important  requ i remen t s are  a zero  temperature  coefficient  of  time  delay  and  a large  piezoelectric 
coupling  constant  Alternatively,  the  design  of  high  frequency  devices  requires  low  loss  substrate 
materials  with  large  SAW  velocities.  The  state-of - the-ar t in  the  development  of  new  materials  for  these 
two  classes  of  devices  is  reviewed. 

1.  INTRODUCTION 

Because  of  their  small  size  and  low  cost,  surface  acoustic  wave  (SAW)  devices  are  becoming  increasingly 
attractive  for  many  applications  (IEEE  Proceedings.  1976).  Fundamental  to  the  optimum  design  of  a SAW 
device  is  the  proper  choice  of  substrate  material.  A wise  decision  concerning  this  choice  requires  an 
understand! ng  of  the  various  material  factors  and  tradeoffs  inherent  in  the  design  of  a SAW  device.  These 
elements  will  be  discussed  in  an  attempt  to  provide  useful  guidelines  for  the  design  of  SAW  devices  up  to 
microwave  frequencies.  The  paper  will  begin  with  a brief  outline  of  the  theory  of  SAW  propagation  and  the 
four  important  factors  which  describe  it.  These  include  SAW  velocity,  piezoelectric  coupling  constant . 
electromechanical  power  flow  angle,  and  temperature  coefficient  of  time  delay.  This  will  be  followed  by 
a discussion  of  various  sources  of  mate r i a 1 - re  I ated  insertion  1 'SS,  including  propagation  losses  and  beam 
steering  and  diffraction  The  manner  in  which  these  concepts  are  applied  depends  upon  the  specific  appli- 
cation at  hand.  To  demonstrate  this,  the  remainder  of  the  paper  will  describe  the  application  of  these 
guidelines  in  materials  related  efforts  to  improve  two  classes  of  SAW  devices-  (1)  temperature  stable, 
broad-band,  low  insertion  loss  devices,  and  (2)  high  frequency  devices. 

One  of  the  major  sources  of  overall  device  insertion  loss  at  microwave  frequencies  is  propagation  loss  or 
attenuation.  Not  only  is  the  magnitude  of  this  phenomenon  important  for  predicting  absolute  insertion  loss 
and  dynamic  range,  but  its  frequency  dependence  is  equally  important  when,  for  example,  designing  filters 
having  particular  bandpass  charac ter i st i cs . The  experimental ly  determined  magnitude  and  frequency  depen- 
dence of  loss  for  several  important  surface  wave  materials  will  be  presented. 

The  combined  effects  of  beam  steering  and  diffraction  are  also  important.  Diffraction  causes  the  acoustic 
beam  to  lose  its  rectangular  shape  while  beam  steering  results  in  the  beam  neinq  offset  from  the  desired 
location  (the  output  transducer).  Both  contribute  to  device  insertion  loss  in  a manner  which  is  not  simply 
the  sum  of  the  separate  const i tutent s . Thus,  in  the  general  case,  design  curves  must  be  more  specific 
than  tne  universal  information  possible  when  each  loss  mechanism  is  considered  individually.  A quantita- 
tive  measure  of  the  extent  of  both  beam  steering  and  diffraction  is  provided  by  the  slope  of  the  power  flow 
angle.  A value  of  zero  for  this  parameter  implies  isotropic  diffraction  and  no  beam  steering,  while  a 
value  of  - I implies  minimum  diffraction  with  increased  beam  steering.  These  ideas  will  be  discussed  in 
det  ai I . 

The  design  of  a broad-band,  low  insertion  loss  SAW  device  with  temperature  independent  performance  charac- 
teristics requires  a substrate  material  having  larqe  piezoelectric  coupling  and  zero  temperature  coeffi- 
cient of  time  delay.  Presently,  the  most  readily  available  SAW  substrate  materials  are  lithium  niobate 
and  quartz.  As  can  be  seen  in  Fiq.  I.  lithium  niobate  has  very  large  p i ezoe lect r i c coupling  ^v  v) , which 
is  essential  for  broad-bandwidth  and  low  insertion  loss.  However,  it  also  has  a larqe  temperature  coeffi- 
cient of  time  delay,  which  necessitates  the  use  of  ovens  and  other  schemes  for  temperature  control.  The 

ST-cut  of  quartz  (Schulz.  M.B 1970).  on  the  other  hand,  is  temperature  compensated,  but  it  has  only 

I 40fh  the  p • ezoe 1 ec t r i c coupling  of  lithium  niobate,  a definite  disadvantage  for  low  insertion  loss  de- 
vices Consequently,  recent  developments  in  the  search  for  temperature  compensated  materials  having  piezo- 
electric coupling  greater  than  that  of  qjartz  are  of  interest  and  will  be  discussed. 

Currently  the  upper  frequency  limit  of  optically  fabricated  SAW  devices  operating  at  a fundamental  mode  is 
about  I GHz.  The  design  of  higher  frequency  devices  requires  either  electron  beam  fabrication,  advances 

in  the  state-of-the-art  of  optical  lithography  (Budreau.  A.J 1975).  or  new  substrate  materials  whose 

SAW  velocities  are  larqei  than  those  of  either  quartz  or  lithium  niobate.  both  of  which  are  about  3000 
m/sec.  Certain  materials  like  aluminum  nitride.  i t h SAW  velocities  of  about  6000  m/sec,  can  extend  the 
frequency  limit  of  SAW  devices  to  2 GHz.  Progress  in  obtaining  reproducible  thin  filmSof  aluminum  nitride 
will  be  summarized. 

2.  SURFACE  ACOUSTIC  WAVE  PROPERTIES 

2.1  SAW  Propagation  Theory 

The  concept  of  the  generation  and  propagation  of  a surface  acoustic  or  Rayleigh  wave  (Rayleigh,  Lord.  1 885 ^ 
is  depicted  in  Fig.  2.  The  electromagnetic  signal  is  converted  to  an  acoustic  wave  at  the  input  inter- 
digital transducer  (IDT)  (White.  R.M 1965)  by  means  of  the  piezoelectric  effect.  The  delayed  acous- 

tic wave  is  then  converted  back  to  an  electromagnetic  signal  at  the  output  IDT  The  energy  of  the  SAW 
decays  exponentially  into  the  material  and  is  generally  confined  to  within  a few  acoustic  wavelengths  of 
the  surface. 


A «ju4m  t i t jt  l v«  description  of  this  process  requires  solution  of  the  problem  of  acoustic  wave  propagation 
on  an  arMt»ai\  anisotropic  p i ezoe  I ec  t r i c medium  That  problem  has  been  solved  (Cffnpbell.  J.J..  I *4t*8  ) 

(Jones.  * K I'it'^l  . and  an  outline  ot  the  solution  follows  1 he  coordinate  system  used  to  define  the 

problem  is  shown  in  r ig  3 The  thin  conducting  plane  shown  is  used  to  calculate  an  est imete  of  the  piezo- 
electric coupling  constant  as  will  t*e  discussed  further  in  the  next  section 


The  solution  to  the  problem  is  obtained  bs  solving  the  continuum  equations  of  motion  together  with  Maxwell's 
equations  under  the  quasi-static  assumption,  the  st  r a i n-mechan  i c a I displacement  relations,  trie  piezoe  lect  r i c 
constitutive  relations  and  the  appropriate  boundary  conditions.  When  the  linear  equations  describing  these 
quantities  (Tlersten.  M.F.,  I9&3)  (Slobodnlk.  A,j%.  Jr..  19761  aie  combined,  the  tol lowing  differential 
equations  for  the  components  of  mechanical  displacement  u.  and  the  electric  potential  sp  within  the  crystal- 
I i ne  i urn  aie  obtained 
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Outside  the  c rest  a I line  medium  Laplace's  equation  describes  the  electric  potential 
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In  equations  (1)  and  (2),  the  primed  quantities  ate  the  elastic  constants  (c.  ) 

slants  , e . and  the  dielectric  constants  (c..|  in  .»  rotated  coordinate  syifem  obtained 

!A 


the  pie zoe I ec  t r i c c on  - 
r through  the 

fuler  t ran^format i on  matrix  (Goldstein  I9S01  }A  which  wave  propagation  is  always  along  the  I direct  on 
Note  that  the  sues- at  ion  convention  (over  I.  2.  31  for  repeated  Indices  Is  employed.  Also,  the  dot  notati.u 
reteis  to  di f te rent i at  I on  with  respect  to  time,  while  an  index  preceded  by  a conna  denotes  differentiation 
with  respect  to  a space  coordinate. 

Solutions  of  equations  ,11  and  (21  .ne  assumed  to  be  of  the  standard  complex  t rave  I i ng-wave  form  in  which 
v.  is  the  wave  velocity  i the  exponential  decay  into  the  crystal.  and  u the  steads -state  angular  fre- 
quence 
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The  d i spl acement s and  potentials  are  considered  to  be  independent  of  the  x^  coordinate 


Subs 1 1 tut i nq  •♦!  and  »>  into  \ll  and  ,21  >iclds  a linear  homogeneous  system  of  four  equations  in  t hr 
unknowns  $ ■>  p.  and  The  determinant  of  the  coefficients  of  the  unknowns  in  these  equations  must 

he  zero  in  order  that  a nontrivial  solution  exist.  e 
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where  the  coefficients  A ^ . n - 0.  I.  ■,  S.  are  purely  real  and  a particular  value  of  v has  been  assumed 
Since  the  fields  must  be  bounded,  or  oo  to  zero  as  x.  -♦  *>.  only  the  roots  with  nonnegatlve  real  parts  are 
allowed  In  addition,  these  roots  are  either  pure  imaginary  or  occur  in  pairs  with  positive  and  negative 
eel  parts.  In  general . roots  occur  such  that  four  (three  foi  nonpiezoe lec t r i c crystals!  with  positive 
real  parts  can  be  selected.  However,  if  for  a given  velocity  four  such  roots  cannot  be  found  the  possi- 
bility of  degenerate  surface  waves  must  be  pursued.  Upon  obtaining  the  admissible  values  of  from  equd- 
t on  (bl . cor  respond! nq  values  of  p(  (to  within  a constant  factor}  can  be  found  for  each  a from  the  linear 
homogeneous  system  cited  above 


The  total  fields  (mechanical  displacement 
the  fields  associated  with  the  admissible 
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In  the  region  - h - x. 

* 0.  the  potenti 

ial  is  a solution  of 

Laplace's  equation  (3! 

the  x out i nui tv  condi t T 
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A solut  ion  satisfying 


- h - Xj  - 0. 


nee  h.»n  i c al  and  electrical  bciundarv  conditions  (Campbell,  J.J.,  . 1 9b8 1 (Jones,  W.R.,  lopgl  must  also 

he  satisfied  by  substituting  the  waveforms  >t  equations  (7!  to  (91  into  the  appropriate  expressions  for 
these  conditions  This  vields  a set  of  homogenous  equations  for  the  so-called  partial  field  amplitudes  Pv 
The  t r ansc endental  equation  obtained  by  setting  the  determinant  of  the  matrix  of  coefficients  ot  (his  sys- 
tem equal  to  zero  determines  the  surface-wave  veloc  'ties  for  a given  set  c'f  av* 

Once  equation  ar.d  the  xet  of  P^'  equations  have  been  s i PUi  1 1 aneous  1 \ solved  tjv  computer  iterative 
techniques  (Jones,  w . Idt'd!  for  the  actual  set  of  ’ (with  associated  and  the  actual  surface 

wave  velocity,  the  partial  field  amp  lit  das  Pv  ■ I.  2.  3.  9 may  be  calculated  to  w‘  thin  a constant 
f ac tor 


1 


These  amplitudes  are  . xed  directly  to  evaluate  the  components  ot  the  mechanical  displacement  of  equa tic'll 
*1  .md  the  electric  potential  of  equation  (8'  The  t proponents  of  the  electric  field,  strain,  electric 
d • sp  I .»c  en*ent  . and  stress  as  func  t ans  of  follow  t r om  Maxwell's  equations,  the  strain  mechanical 


2.1-3 

d i sp  I ac  omen  t relations,  and  tin*  p iezoe  I ec  t r i c constitutive  relations,  respectively  (Tiersten,  M.F.,  1963) 
(Slobodnik,  A.J.,  Ji.,  19/6)  Finally,  the  components  of  total  time  average  e let  1 1 ome<  han  i ( a I power  flow 
.ire  given  hy 


Time  Aveiaqe  Power  m - , f Ke  [T. .u?  1 dx,  ♦ „ Rej  db ; ] dx, 

1 40  'll  3 2 ^ fiJ  3 


(10) 


where  the  two  terms  are.  respec t i ve I y . the  total  complex  mechanical  and  electrWal  power  components. 

2 2 Major  Material  Factors 

The  expressions  derived  ahove  have  been  written  into  a computer  program  (Campbell,  J.J.,  I968)  (Jones, 

W R 1969)  which  has  been  used  extensively  to  study  the  SAW  properties  of  many  materials  (Slobodnik. 

A.J.,  Jr..  1973a)  Using  that  program  it  is  possible  to  calculate  three  of  the  four  material  factors 

of  interest  in  this  paper:  surface  acoustic  wave  velocity,  piezoelectric  coupling  constant!  and  electro- 
mechanical power  flow  angle 

Reside  being  necessary  in  the  calculation  of  tire  temperature  coefficient  of  time  delay,  as  shown  below,  the 
SAW  velocity  Influences  the  choice  of  substrate  material  depending  upon  the  application.  For  delay  lines 
and  other  devices  requiring  large  time  delays  and  small  par kaqe  size,  low  vefot  ity  materials  are  attractive 
On  the  other  hand,  for  high  frequency  devices,  high  veloc  ity  materials  are  useful  for  reducing  fabrication 
resolution  requirements  (Hartmann,  C.S..  1975) 

Tire  piezoelectric  coupling  constant  Av/v  is  defined  (Campbell.  J.J..  1968)  for  piezoelectric  materials 

as  the  percentage  difference  in  velocity  between  free  sur  faces  (rub  - “•)  and  surfaces  coated  with  an 
infinitesimally  thin  perfect  conductor  (juh  - 0)  1 he  validity  of  this  definition  as  an  estimate  of  the 

surface  wave  coupling  to  an  interdiqital  transducer  has  been  demonstrated  several  times  both  experimen- 
tally (Collins.  J.M 1968)  (Schulz.  M.H..  . 19/2)  and  theoretically  ( I ngebr iqsten , K.A.,  1969) 

(Coquin,  G.A.,  1967)  Note  that  for  the  purposes  of  this  paper  piezoelectric  coupling  Is  described 

directly  in  terms  of  J^v/v  and  not  the  k coupling  parameter.  Coupling  information  is  of  utmost  importance 
in  the  design  of  broad-band,  low  insertion  loss  devices.  It  has  been  shown  that  for  a given  maximum  allow- 
able amount  of  insertion  loss,  the  maximum  attainable  fractional  bandwidth  is  proportional  to  the  square 
root  of  the  coupling  constant  (Hartmann.  C.S..  1975).  Hence,  because  the  coupling  of  lithium  niobate 

is  about  forty  times  as  large  as  that  of  quartz  (See  Fig.l).  devices  on  lithium  niobate  have  about  six 
times  t he  fractional  bandwidth  as  devices  on  quartz,  foi  the  s.rme  amount  of  insertion  loss  (Hays.  R.M  . 
19/6)  This  explains  the*  popularity  of  lithium  niobate  for  broad-band  app I i cat  ions . 

The  power  flow  angle  , is  defined  in  Fig.  h as  the  angle  between  the  time  average  c lec t romechan i ca I power 
flow  vector  and  the  direction  of  propagation  (phase  velocity  vector).  Unless  cp  identically  equals  zero 
(defined  as  a pure-mode  axis),  the  condition  of  beam  steering  is  said  to  occur.  The  slope  of  the  power 
flow  angle,  that  is  Vp/  V,  is  a highly  important  quantity.  Its  magnitude  determines  the  amount  of  beam 
steering  resulting  from  a given  unintentional  misalignment  from  a pure-mode  axis,  and  its  magnitude  and 
sign  determine  the  extent  of  surface-wave  diffraction.  A latei  section  will  deal  with  these  subjects  in 
det a i I 


The  fourth  important  material  factor  is  temperature  sensitivity  as  measured  by  the  first  order  temperature 
coefficient  of  time  delay.  This  quantity  is  given  by 
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where  I v >v  /VI  is  the  velocity  temperature  coefficient,  t • 1/v  is  the  delay  time.  I is  the  distance 
between  two  material  points,  and  or  is  the  coefficient  of  thermal  expansion.  To  calculate  the  temper  ature 
coefficient  of  time  delay,  the  velocity  temperature  coefficient  in  equation  (II)  is  approximated  bv 

"v. (35°C)  - 
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and  the  program  described  above  Is  used  to  calculate  SAW  velocities  at  t Tie  various  temperatures.  Tempera- 
ture sensitivity  is  important  in  many  applications.  for  example,  it  has  been  shown  that  the  principal 
limitation  on  the  application  of  surface  wave  encoders  and  decoders  to  multiple-access  secure  communica- 
tions systems  is  the  degradation  of  the  peak- to-s ide lobe  r.rtio  of  the  autocorrelat ion  function  due  to 
temperature  differences  (Carr,  P.N.  . 1972)  Also,  in  SAW  bandpass  filters  the  temperature  stability  of 

the  centei  frequency  is  a direct  function  of  the  temperature  coefficient  of  time  delay  of  the  substrate. 

Since  SAW  materials  ate  anisotropic,  the  four  quantities  discussed  above  are  generally  calculated  for  vari- 
ous crystalline  orientation''  as  continuous  graphical  functions  of  either  direction  of  propagation  in  the 


plane  of  a plate  (plates),  as  functions  of  the  direction  of  the  plate  normal 
rotation  of  both  the  plate  normal  and  direction  of  propagation  (cylinders), 
plots  of  these  four  quantities  .is  a function  of  the  direction  of  propagation 

(tail,  P.H 1976a)  They  were  obtained  by  fixing  the  Euler  angles  \ and 

the  angle  0. 


(boulcs).  or  for  simultaneous 
As  an  example,  figure  S shows 
for  the  X cut  of  her  finite 
H at  90.0  degrees  and  varying 
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PROPAGATION  LOSS 


The  optimum  design  of  a surface  acoustic  wave  device  requires  an  adequate  knowledge  of  the  many  sources  of 
overall  device  Insertion  loss.  The  relationship  of  insertion  loss  and  fractional  bandwidth  to  the  piezo- 
electric  coupling  constant  was  discussed  in  the  previous  section.  Other  sources  of  device  insertion  loss 
include  bidirectionality  loss,  electrical  mismatch  loss,  parasitic  transducer  conduction  loss,  matching 
network  loss,  apodization  loss,  spurious  mode  generation  loss,  substrate  propagation  losses,  anu  beam 
steering  and  diffraction.  Discussions  of  the  first  six  of  these  subjects  can  be  found  In  references 
(lift  Proceedings.  1976).  (Hartmann,  C . S . . . . . 1 975) . (IEET  Trans.  MTT . 1973).  and  (Wagers,  R.S..  1976) 


Substrate  propagation  losses  aie  considered  In  this  section,  and  beam  steering  and  diffraction  will  he  dis- 
cussed in  the  next  section. 


Total  propagation  loss  is  a superposition  of  three  different  mechanisms  (Slobodnik.  A.J.,  Jr 1970) 

(I)  Interaction  with  thermally  excited  elastic  waves.  (?)  Scattering  by  crystalline  defeits  and  surface 
scratches.  (3)  Energy  lost  to  air  adjacent  to  the  surface.  1 he  first  mechanism  is  an  inherent  crystalline 

property,  the  magnitude  of  which  can  he  predicted  using  viscosity  theories  (King,  P.J 1969).  1 he 

second  is,  of  course,  highly  undesirable  and,  fortunately,  can  he  made  negligible  by  proper  crystal  growth 

and  polishing  techniques  (Slobodnik,  A.J.,  Jr 19/0)  The  final  mechanism  is  caused  by  lire  surface 

wave  being  phase  matched  to  a longitudinal  bulk  wave  In  tire  air  which  results  in  a leaky -wave  phenomenon 
This  so-called  air  loading  can  be  eliminated  by  vacuum  encapsu I at i on  or  minimized  by  tire  use  of  a light 
gas  (S l obodn i k . A.J.,  Jr..  19/2). 


Propagation  losses  can  he  determined  by  directly  probing  tire  acoustic  energy  with  a laser  (Slobodnik.  A.J., 
Jr  19/0).  In  this  method,  the  surface  wave  deflects  a small  fraction  of  tire  incident  light,  wh i h is 
detected  with  a photomultiplier  tube  and  measured  with  a lock-in  amplifier  The  def It"  ted  light  is  direct- 
ly proportional  to  tire  acoustic  power  of  tire  sulfate  wave. 


Air  loading  can  he  determined  hy  placing  delay  lines  in  a vacuum  system  and  reducing  tire  pressure  below 
I tori  while  monitoring  the  change  irr  irrseitiorr  loss.  Vacuum  attenuation  is.  of  course,  tire  difference  be 
tweerr  the  total  propagation  loss  irr  air  and  the  air  loading  component . 


frequency  dependence  of  vacuum  attenuation  and  air  loading  for  tirree  popular  SAW  substrates  (Slobodnik.  A.J.. 

Jr  . ..  1970).  (Slobodnik.  A.J.,  Jr 1972).  (Budreau,  A.J..  . . 1971).  are  illustrated  irr  Figs  6 and 

7 Note  tire  approxim.  te  f‘  dependence  of  tire  vacuum  at  tenuat  I on  arrd  tire  linear  dependence  of  the  air  load- 
ing This  allows  an  empirical  expression  for  propagation  loss  to  be  derived  from  the  data. 

Propagation  Loss  (dB/us)  * (VAC)f‘  ♦ (AIR)F  (13) 

where  I is  in  GHz.  lire  * oeff  i c ients  VAC  arrd  AIR  are  tabulated  for  popular  substrates  in  reference  (S I obodn  i k , 
A. J . . Jr . . 1976) . Equation  (13'  would  ire  used,  for  example,  when  designing  filters  having  particular  band- 
pass t.  har  acter  i st  i t s . 

6 HI  AM  STEERING  AND  DIFFRACTION 

4 l Parabolic  Diffraction  Theory 

Diffraction  of  surface  waves  is  a physical  consequence  rl  their  propagation  and  can  vary  coirs  i derah  I y de- 
pending upon  tire  anisotropy  of  tire  substrate  chosen.  I n fact,  it  is  tire  slope  of  t lie  powei  flow  angle 
which  determines  tire  extent  of  both  diffraction  and  beam  steer  irrg  (Szabo,  T.L.,  1973)  There  is  an  in- 

herent tradeoff  between  these  two  important  sources  of  loss 


A vrsetul  theory  for  calculating  diffraction  fields  when  tin*  velocity  arr  isotropy  near  pure-mode  axes  carr  he* 
approximated  by  a parabola  has  been  developed  by  lolren  (Cohen.  M.G.,  1967)  by  using  a small  angle  approxi- 
mation. ire  showed  that  for  certain  cases,  t ire*  higher  orders  of  the  expression  for  the  velocity  covrld  be 
neglected  past  tire  second  order  Tii.it  is. 
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where  V ■ V -TO  and  9 js  the  angular  orientation  of  tire  ptiremode  axis.  By  comparing  these  approximat  i orrs 
to  arr  exact  solution  for  e lee  t r omagnet  i c diffraction  irr  uiriaxially  anisotropic  media.  Cohen  showed  that  tire 
diffraction  Integral  reduces  to  Fresnel's  integral  with  tire  following  change 

l * Z I I ♦ \ | . (IS) 

Sz.rbo  arrd  Slobodnik  (Srabo,  T.L..  1973)  introduced  tire  absolute  magnitude  signs  to  account  for  those 

main  i.rls  having  V * - 1 and  the  hatted  terms  to  stand  for  wavelength  scaled  parameters  (/  * 7 ■ A)  . Irr 
other  words,  diffract  I tin  is  either  accerierated  oi  retarded  depending  on  t he  value  arrd  s i gn  of  y.  Excel- 
lent agreement  (Szabo.l.l,.  1973)  between  this  parabolic  theory  and  experiment  has  been  obtained  when- 

ever a good  parabolic  fit  to  tire  velocity  is  possible.  Irr  some  cases,  however,  a more  general  theory  is 
r egu i r ed 


4 2 Angular  Spectrum  of  Waves  Diffraction  Theory 


In  order  to  solve  the  most  general  homogeneous  anisotropic  problem,  Kharusi  and  Farnell  (Klrarusi  , M.S.. 
1971'  applied  the  angular  spec t lum-of -waves  technique  to  surface-wave  d i f f i ac t i orr . Their  theory  is  valid 
for  both  tire  neai  and  far  f'elds,  anti  tor  any  direction  including  off-axis  or  ierrt  at  I ons . Its  only  limita 

t i orr  is  the  requirement  of  accurate  knowledge  of  velocity  values  for  tire  surface  of  Interest.  Irr  imple- 
menting t ire  I r theory  tire  following  integration  *s  performed  numerically  foi  each  field  point: 


I ,v  s i rr  K . I 2 

A(X.Z)  - - f K • exp  i ( (K, X 4 kj (K| ) |Z | ) ) dK, . 


Here  K.  and  Kj  are  the  projections  of  tire  wave-vector  K alorrg  the  7 arrd  X axes,  respectively,  or  i ir  general, 
along  directions  perpend icu tar  to  and  parallel  to  tire  transducer.  Tire  effect  of  introducing  a laser  probe 
irr  tire  profile  measurements  can  he  accommodated  (S/abo , T . L . . ••  1973'  hy  inserting 

sin  K.P/2 

* < i \ 


tin  which  P is  tire  probe  diameter)  Into  the  preceding  Integral  (Eg.  16) 


lire  real  power  of  tire  exact  anisotropic  theory  carr  he  illustrated  hy  its  ability  to  predict  even  tire  fim 
structure  of  a diffraction  pattern  oir  a highly  nonpar  abol  i v velocity  surface,  i minding  profile  asynrmetiy 
due  to  be. mi  steering.  Arr  examp!*  is  shown  in  Fig.  8 lire  case  studied  (Sfabo.T.l,,  1973'  c once  ins 
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surface  waves  launched  close  to  the  Ill-axis  of  211-cut  gallium  arsenide  at  a frequency  of  280  MHz.  Trans- 
ducer widths  were  L * 51.  This  orientation  was  chosen  (Szabo,  T.L 1973)  because  the  velocity  is  non- 

parabolic and  changes  very  rapidly  with  direction.  The  first  column  of  Fig.  8 shows  profiles  for  waves  pro- 
pagating exactly  along  the  pure -mode  Ill-axis,  a direction  corresponding  to  cp  - 0 Also  note  that  the 
smoothing  effect  of  the  laser  probe  has  not  yet  been  included  (P  ■ 0).  For  the  second  column  a misalignment 
of  06  from  the  Ill-axis  has  been  introduced,  and  the  waves  begin  to  take  on  the  asymmetric  behavior  and 
beam  steering  of  the  experimental  measurements  (shown  in  the  right-hand  column)  obtained  using  the  lasei 
probe  (Slobodnik,  A.J.,  Jr..  . 1970)  technique.  The  third  column  introduces  tire  same  amount  of  angular 
misalignment  as  column  two  but.  unlike  the  previous  columns,  includes  the  effect  of  a laser  probe  diameter 
of  f*  - 5.3  wavelengths  The  agreement  between  this  column  and  the  experimental  curves  is  excellent. 

4.3  Quant i tat i ve  Cho i ce  of  Theory 

The  versatility  of  the  exact  angular  spectrum  of  waves  theory  has  been  demonstrated;  however,  this  approach 
is  far  more  compu tat fonal ly  complicated  and  costly  than  the  parabolic  theory  It  also  requires  precise 
velocity  surfaces  as  input  data.  Given  a certain  material,  then,  the  designer  must  have  guidelines  from 
which  he  can  choose  the  simplest  appropriate  theory. 

The  closeness  of  a given  velocity  surface  to  a parabolic  curve  can  be  determined  by  fitting  the  surface  to 
a parabola  and  noting  any  deviation  In  particular,  second-order  fits  were  obtained  (S/abo,  T.L.,  1973) 

for  various  materials  by  using  a least  squares  fit  with  relative  velocity  values  computed  to  seven  signifi- 
cant places  within  a range  of  5 of  (6  - 9 ) - 0.  The  maximum  deviation  of  the  fit  from  the  velocity  sur- 
face can  be  defined  in  terms  of  the  quantity  |'M|  F°r  comparative  purposes,  this  deviation  is  expressed 
as  a percentage  of  the  actual  velocity  and.  for  convenience,  is  multiplied  by  a factor  of  10  . i.e., 

I»„l  - * '°s-  (,8> 

A complete  study  of  diffraction  loss  using  the  exact  theory  on  many  velocity  surfaces  not  perfectly  para- 
bolic resulted  in  the  following  conclusion.  Anisotropy  may  be  conveniently  grouped  into  two  categor ies  - 
parabolic  (0  < $.2  0)  and  nonparabolic  (2.0  < 1 5^  | < ®)  . Higher  Older  terms  discarded  in  t fie  approxi- 
mation of  (Eg.  14)  become  significant  (Szabo,  T.L 1973)  for  nonparabolic  surfaces. 

However  for  velocity  surfaces  having  | ^ M | ^ 2.0.  the  parabolic  diffraction  theory  yields  highly  accurate  re- 
sults Thus  for  all  materials  meeting  this  criterion,  diffraction  patterns  are  exactly  equivalent  in  form 
and  merely  scaled  in  distance  by  the  factor  | I + y | allowing  universal  diffraction  loss  curves  to  be  cal- 
culated (Szabo.  T.L 1973).  One  such  curve  shown  in  Fig.  9 is  a plot  of  diffraction  loss  versus  the 

parameter  (Z/l  r J I + y J . This  curve  allows  the  determination  of  loss  for  any  combination  of  transducer 
width  and  separation  for  all  parabolic  anisotropic  velocity  surfaces.  It  was  calculated  by  integrating  the 
complex  acoustic  amplitude  over  the  aperture  of  the  receiving  transducer  for  identical  unapodized  input  and 
output  transducers  (Szabo.  T.L 1973). 

X A 

In  the  Fresnel  region  the  loss  never  exceeds  1.6  dB . which  is  the  loss  at  the  far-field  length.  Z ■ Zj. 

(where  the  final  peak  in  the  beam  profile  has  started  its  descent  to  a far-field  pattern).  The  distance 
and  trejisducer  width  at  which  a given  loss  will  occur  can  always  be  given  in  far-field  lengths  For  example, 
the  3-dB  loss  point  is  A 


Z3  dB  - !.769Zf 

(19) 

where  now 

a2 

? , L 

i «...  i • 

(20) 

In  the  far  field,  the  loss  mechanism  is  the  spreading  of  the  beam  with  a slope  of  10  dB/ decade . The  far- 

field  loss  can  be  approximated  by  £ 

Loss  (dB)  - - 10  loq  r . (21) 

F 

4.4  Minimal  Diffraction  Cuts 

One  extremely  important  implication  of  the  parabolic  diffraction  theory  is  that  since  it  reduces  to  the 
isotropic  theory  scaled  by  the  factor  ] I + Y | • no  diffraction  spreading  occurs  for  ideal  parabolic  sur- 
faces having  y - - 1.  Material  orientations  approaching  this  ideal  have,  in  fact,  been  discovered  (Slobodnik. 

A.j.,jr 19736).  A set  of  experimental  SAW  profiles  for  the  40.04  minimal  diffraction  cut  (MDC)  on 

bismuth  germanium  oxide  are  presented  in  Fig  10.  Experimentally,  diffraction  is  suppressed  by  a factor  of 
100  These  MDC  orientations  are  allowing  a new  class  of  highly  apodized  acoustic  surface-wave  filters  and 
lonq-t ime-delay  devices  to  be  realized. 

4.5  The  Beam  Steering  Diffraction  Tradeoff 

As  mentioned  at  the  outset  of  this  section,  there  is  an  inherent  tradeoff  between  beam  steering  and  diffrac- 
tion. In  anisotropic  materials,  beam  steering  occurs  whenever  transducers  are  misaligned  from  a pure-mode 
axis  even  though  they  may  he  perfectly  aligned  with  each  other.  Beam  steering  Is  the  pulling  away  of 
the  acoustic  beam  from  the  transducer  propagation  axis  by  an  additional  angle,  cp  ■ y (9  - 0Q) , as  shown  in 
Fig.  4.  Let  us  discuss  this  tradeoff  In  more  detail. 

Diffraction  is  a fixed  phenomenon  for  a given  material,  while  beam  steering  can  be  controlled  by  precise 
X-ray  alignment  at  the  expense  of  increased  device  cost.  Both,  however,  influence  the  choice  of  SAW  sub- 
strate (Slobodnik.  A.J.,Jr 1974).  An  example  of  how  the  combined  loss  of  beam  steering  and  diffrac- 
tion varies  among  materials  is  illustrated  (Slobodnik,  A.J.,  Jr 1974)  in  Fig.  II  where  the  loss  is 

given  as  a function  of  y . 


? i n 


For  fig  II  the  acoustic  aperture  i * I - 80  wave  length* . the  distance  between  input  and  output  ti.uiMlmri 
is  ? • 5000  wavelenqths,  and  the  ml *a I I qnttren t from  the  desired  pure-mode  axis,  oi  the  beam  steeling  (BS) 
angle  i s BS  k - 0 I In  ordct  to  use  these  data  foi  practical  situations,  it  is  only  neiess.tr>  to  insnt 
the  slope  of  the  powei  flow  angle  appropriate  to  the  type  and  cut  undei  i oiis  i de  i at  i on  It  is  also  useful 
to  note  that  2 • tf;  wheie  t is  the  time  de  I ay  and  f the  frequency  of  the  device  >t  interest. 

Sevetal  important  features  can  he  noted  with  letneme  tv'  fig.  II  Ditfiaition  loss  cjoes  to  0 foi  those 
materials  having  X • 1.0  and.  as  expected,  the  combined  loss  curve  agrees  exactly  with  the  beam  steering 

loss  curve.  Those  materials  having  V ■ 0 correspond  to  locally  isotropic  cases  and  beam  steeling  goes  to  0 
Me  i r . diffraction  accounts  for  the  total  loss  PlMravtion  loss  alone  is  symmetric  about  y - - l 0 and 
beam  steering  loss  about  > • 0.  while  the  combined  cuive  is  c lear  l>  nonsymnret  r i c Universal  beam  steeling 
plus  diffraction  loss  curves  are  not  possible 


I he  results  illustrated  in  fig  II  aie  of  major  importance  in  choosing  a material  for  a particular  applied 
t i on  for  example,  where  diffraction  is  potentially  a very  serious  problem,  as  in  highly  apodi/ed  filters, 
a material  having  N «-l,0  would  be  most  desirable 


figure  12  illustrates  (Slobodnik.  A , J . , Jr..  . 197^1  combined  beam  steering  and  diftiacti on  loss  versus 

the  t ime-de I ay- frequency  parameter  7.  It  is  of  interest  to  point  out  that  the  loss  is  very  high  toi  the 
? - '5  000  cvr  ve  near  y - - 10.  for  this  large  distance  beam  steering  is  very  important,  esprc  rally  toi 
nartow  und  i f f r ae  t ed  beams,  and  some  beam  spreading  is  ti>  be  desired.  (The  same  is  true  if  inatiuiate  X-r.»> 
orientation  must  be  tolerated.)  Since  7 is  proportional  to  frequency  (foi  fixed  time  delay),  fig  12  also 
illustrates  why  beam  steering  and  diftiactlon  are  considered  UHf  and  microwave  frequency  design  problems 
Significant  losses  and  material  tradeoff  considerations  exist  at  the  higher  frequencies  and.  of  course,  a I so 
tor  very  long  time  delays 


S.  HIGH  COUPLING.  Tf MPf RATURf  COMPENSAlfO  HATfKIAlS 

S I Introduction 


A good  deal  of  attention  has  recently  been  cfevoted  to  the  development  of  SAW  devices  having  hi  oad  bandwidth. 

I ow  insertion  loss,  and  temperature  independent  performance  char  ac  teri  st  i cs  As  stated  in  the  I n t i odrn  t i on . 
neithei  quart*  nor  lithium  nlobate  is  adequate  for  such  devices.  This  has  resulted  in  a search  toi  substrate 
materials  that  are  temperature  compensated  amf  have  piezoelectric  coupling  greater  than  that  of  Si  cut 
quart*  (Schul*.  M.B..  1970)  One  material  which  has  been  extensively  studies  is  lithium  tantalate 

(LiTa0»l  Although  this  material  is  temperature  compensated  tor  volume  waves  (Delaint,  J..  197b)  . no 

temperature  c.  ompensated  cut  is  known  to  exist  for  surface  acoustic  waves.  Nevertheless,  as  f i g I shows, 
the  piezoelectric  coupling  and  temperature  coefficient  of  time  delay  for  lithium  tantalate  represent  a 
reasonable  compromise  between  t be  high  coupling  amf  poor  temperature  coefficient  of  lithium  nlobate  and 
the  very  low  coupling  of  temperature  compensated  guaitz.  Of  particular  inteiest  is  the  minimum  diffraction 
cut  (MOD  of  lithium  tantalate.  which  has  I 20th  the  diffraction  spreading  of  an  isotropic  material 
t Slobodnik.  A.J..  Jr..  19/5)  l he  LilaOj  minimum  diffraction  cut  has  very  low  coupling  to  hulk  waves, 

a very  important  property  tor  low  spurious  response  filters  (Slobodnik.  A.J.,  Jr  . 1975)  and  delay 

lines  (Carr.  P.H,,  . 19  76b). 


A major  c ant  t » but  i on  to  tire  search  foi  improved  materials  lias  been  the  development  of  a phenomena  log  i c a I 
model  (Newnham.  R.I.,  1973)  which  explains  why  known  materials  are  temperature  compensated  According  to 
that  model,  temperature  compensated  materials  possess  eithei  of  tire  following  anomalous  properties-  (I)  a 
positive  temperature  coefficient  of  velocity  or  elastic  constant  or  (21  a negative  coefficient  oi  thermal 
expansion  Quart*,  toi  example,  is  temperature  compensated  because  the  tempeiatute  coefficient  of  . tire 
elastic  constant  tor  shear  propagation  along  the  2 axis,  is  positive  (Newnham.  R.  I . 1973) 

5.2  Be i finite 


Berllnite.  (AlPO^I.  is  structurally  similar  to  quart/  with  larger  piezoelectric  constants  A recent  inves- 
tigation (Chang.  7.P..  197b)  has  shown  that  tor  bulk  wave,  berllnite  is  indeed  temperature  compensated 

along  or  ient  at  i ons  similai  to  tire  AT  and  BT  cuts  of  quart/,  but  with  2,5  times  laicjei  piezoelectric  coupling 
Motivated  by  these  results  tor  hulk  waves  and  the  fact  that  the  temperature  coefficient  of  one  of  heilinite's 
elastic  constants  is  positive  (Chang.  Z.P.,  197b)  Studies  have  recently  been  conducted  to  investigate 

tbc  behaviour  of  surface  acoustic  waves  on  her  Unite  (Carr.  P.H..  1976a).  (O'Connell,  R M . 1977a! . 

(O'Connell.  R M . . 197761.  That  I lives t i gat  ion  has  produced  several  temperature  compensated  cuts  with 

more  than  four  times  the  piezoelectric  coupling  of  SI  cut  quartz  (Carr.  P.H.  . 1976a)  (O'Connell.  R.M., 

1977a)  High  coupling,  temperature  compensated  orientations  have  been  found  for  doubly  rotated  cuts 
as  well  as  foi  singly  rotated  cuts.  In  ordei  to  investigate  the  SAW  bohavioui  of  bei  Unite,  the  theoretical 
computer  model  described  in  Section  2 was  used  in  conjunction  with  the  data  of  reference  (Chang.  2 P , 

197b)  to  calculate  the  SAW  velocity,  the  piezoelec  t ri  c coupling,  tire  elec  1 1 omechan  it  a!  powei  flow  angle, 
and  the  fiist  ordei  temperature  coefficient  of  time  delay  for  several  standard  c r y st a II oqr aph i < cuts 
(O'Connell.  R.M..  1977b). 


Results  for  the  X cut  of  berllnite  are  shown  In  Figuie  5.  These  and  othei  initial  tesults  (Cat i . P.H, 

1976a)  showed  that  her  Unite  is  temperature  compensated  with  four  times  the  pi ezoe lec t li c coupling  of  SI 
cut  quart*  However,  all  of  those  Initially  reported  cuts  had  non-zero  elec 1 1 omec  Irani  cal  powei  flow  angles, 
and  consequently  suffer  from  beam  steei Inq.  Subsequent  calculations  produced  t wo  singly  lotated  cuts  and 
two  doubly  rotated  cuts,  all  of  which  have  /ere'  elec  t ronrechanical  power  flow  angles  (O'Connell.  R.M., 

1977*)  The  mos  t promising  of  the  singly  rotated  cuts  is  the  V axis  boule  80.  A cut.  a direct  an  aloe)  of 
the  ST  cut  of  quartz  The  two  cuts  are  corr  pared  i tr  Table  1 Note  that  the  pi  ezoe  lec  1 1 i c coupling.  V. 
of  the  X-a*is  boule  80  V'  cut  is  mote  than  four  times  as  large  as  that  of  SI  quart*,  a distinct  advantage 
Other  calculations  have  been  made  to  Investigate  the  behaviour  of  pseudo  surface  acoustic  waves  on  bei - 
I nlte  ( Jhunjhunwala,  A . . 1976a) 

Table  I also  shows  that  the  slope  of  the  power  flow  angle.  V is  larger  foi  the  \ ax  i s boule  80  V cut 

of  berllnite  than  it  Is  for  the  SI  cut  of  quart/  According  to  the  theory  of  SAW  diffiaction  discussed  i tr 


A 
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Section  9.  this  means  that  ST  cut  quartz  has  better  diffraction  properties  than  the  X axis  boule  80.9° 
cut  of  her  I ini  te.  The  desire  to  find  temperature  compensated  cuts  of  her  Unite  having  tret  ter  diffraction 
properties  than  the  singly  rotated  80.4°  cut  motivated  cons i der at  ion  of  doubly  rotated  cuts.  In  particular, 
t he  ^ - go  0 plane  of  an  orthogonal  coordinate  system  having  the  three  Euler  angles  X,  and  8 as  its  basis 
was  carefully  searched.  The  p • 90  0 plane  was  of  particular  interest  because  it  contains  four  of  the  stan- 
dard c ry st a I logr aph i c cuts,  including  the  X cut  and  Z axis  cylinder,  tor  which  temperature  compensated  ori- 
entations were  found  earlier  (Carr,  I’.H 1976a). 

The  results  are  shown  in  Figure  13.  The  dashed  and  solid  curves  represent,  respectively,  the  loci  of  Euler 
angles  for  which  the  e lect romechan it  a I power  flow  angle  and  the  temperature  coefficient  of  time  delay  are 
zero  As  can  he  seen  in  the  blown  up  portion  of  the  Figure,  the  loci  intersect  in  a total  of  twelve  places 
throughout  the  plane.  Because  of  crystal  symmetry,  however,  only  two  of  the  points  are  independent,  and 
those  circled  in  Figure  13  are  listed  i n Table  I Notice  that  while  they  have  about  the  same  piezoelectric 
coupling  as  the  singly  rotated  80  9l  cut.  the  slopes  of  their  power  flow  angles  are  smaller  than  those  of 
ether  the  80.9  cut  or  the  ST  cut  of  quartz,  giving  them  the  added  advantage  of  less  diffraction  spreading. 

6 . 3 0-E ucrypt i te 

Another  material  which  has  been  the  subject  of  recent  attention  (Barsch,  G.R.,  ...  19761  is  0-eucrypt i te . 

(I i A I S i O4 ) This  material  is  interesting  because  of  its  large  negative  coefficient  of  thermal  expansion 
in  the  direction  of  the  hexagonal  C axis.  According  to  the  above-mentioned  phenomenological  model  for  ex- 
plaining why  certain  materials  ate  temperature  conpensated,  this  may  give  rise  to  temperature  compensation 
even  though  the  temperature  coefficients  of  the  elastic  constants  are  all  negative  (Barsch.  G.R.,  1975) 

Using  the  theoretical  computer  model  and  data  from  references  (Barsch.  G.R 1976).  (Hummel.  F A .1961). 

(Schulz.  H. . 1979).  and  (Bohm,  H . 1976).  calculations  of  the  SAW  properties  of  p-eucryptite  produced  both 
singly  rotated  and  doubly  rotated  temperature  compensated  cuts.  A singly  rotated  cut  was  found  (O'Connell. 
R.M. . 19 ’’7c)  at  X cut  69°.  and  is  listed  in  Table  I which  shows  that  although  the  piezoelectric  coupling 

for  this  cut  is  almost  twice  as  large  as  that  of  ST  quartz,  it  has  the  disadvantage  of  an  )8  degree  elec- 
t r ante  c h an  i ca  I power  flow  angle. 

As  was  done  in  the  case  of  herlinite.  doubly  rotated  cuts  were  considered  also,  and  a temperature  compen- 
sated cut  having  a zero  electromechanical  power  flow  angle  was  found  in  the  X » 0.0°  plane  (O'Connell.  R.M.. 

1977c).  as  shown  in  Figure  19.  As  can  be  seen  in  the  Figure,  the  loci  intersect  in  a total  of  four 
places  throughout  the  plane.  Again,  because  of  crystal  symmetry,  only  one  of  t lie  points  is  independent, 
and  it  is  listed  in  Table  I where  it  can  he  seen  that,  unfortunately,  the  piezoelectric  coupling  of  this 
doubly  rotated  cut  is  only  about  half  as  large  as  that  of  ST  quartz  Perhaps  the  most  attractive  feature 
of  this  material  is  that  it  has  the  highest  SAW  velocity  of  all  the  temperature  compensated  materials  list- 
ed in  Table  1.  3662  m/sec . 

6.9  Other  Temperature  Compensated  Materials 

The  sulfosalts  are  a class  of  materials  of  the  form  Tl^BX^.  where  B can  he  V.  Nb,  or  Ta,  and  X can  be  S or 
Se  Recent  calculations  have  shown  that  at  least  two  of  these  materials  are  temperature  compensated  with 
s i gn i f i cant  I y larger  piezoelectric  coupling  than  herlinite  (Weinert.  R.W.,  1976).  (Isaacs.  T.J.. 

1976)  One  particular  cut  of  Tlj  VS/^.  for  example,  has  four  times  the  piezoelectric  coupling  of  herlinite 
(Weinert.  R W . 1976).  As  shown  in  Table  1.  however  , this  cut  has  the  disadvantage  of  a rather  large 

elect romechani cal  power  flow  angle,  about  -17  degrees.  Another  cut  of  the  same  material  and  one  of 
Tli  Ta  Se^ . having  zero  elec t romechan i cal  power  flow  angles,  have  also  been  found  ( Jhun j hunwal a.  A . 
l9/6b)  As  the  data  in  Table  I shows,  the  piezoelectric  coupling  of  these  cuts  is  not  as  large  as  that  of 
the  first  cut  discussed,  but  it  is  still  more  than  twice  as  large  as  that  of  herlinite.  The  table  also 
shows  that  the  SAW  velocities  of  the  sulfosalts  are  only  about  1/3  as  large  as  that  of  herlinite  This  is 
a disadvantage  for  high  freguency  applications,  but  an  advantage  for  long  delay  lines  and  low  frequency  SAW 
f i Iters . 

A composite  material,  consisting  of  a film  of  silicon  dioxide  on  lithium  tantalate.  has  also  been  shown  to 
be  temperature  compensated  (Parker.  T.L  . . . 1975).  This  material  has.  as  shown  in  Table  1.  a very  small 
e let t romechan I cal  power  flow  angle,  a piezoelectric  coupling  of  about  .007.  and  a relatively  large  SAW 
velocity.  The  most  attractive  feature  of  the  material  is  that  its  second  order  temperature  coefficient  of 
time  delay  is  nearly  an  order  of  magnitude  smaller  than  that  of  ST  cut  quartz.  Despite  these  positive 
attributes,  the  composite  has  several  drawbacks  due  to  the  S i O2  film,  including:  tl)  its  thickness  must  be 
very  accurately  controlled.  (2)  it  is  very  lossy  at  high  frequencies,  and  (3)  it  is  dispersive. 

Besides  those  materials  which  have  been  shown  to  be  temperature  compensated,  there  are  several  others  which, 
for  various  reasons,  may  prove  to  be.  For  example,  nepheline.  (KAlS-0^)  (NaAISiO^)^.  should  have  tempera- 
ture compensated  orientations  because  the  temperature  coefficients  of  the  elastic  constants  Cjj  and 
are  positive  (Bonczar.  L.J.,  1975)  Also,  lead  potassium  niobate  ( Pf^KNb^O | l ) . which  has  piezoelectric 

coupling  factors  of  the  order  07  for  bulk  waves,  shows  promise  of  being  temperature  compensated  because  it 
possesses  opposite  signs  for  tin*  temperature  coefficients  of  the  bulk  wave  resonance  frequency  for  different 
vibrational  modes  (Barsch.  G R . 1976). 

b FAST  VELOCITY  MATERIALS 

Fast  velocity  materials,  such  as  beryllium  oxide  and  aluminum  nitride,  are  of  great  interest  foi  extending 
the  upper  freguency  limit  of  SAW  devices  Also,  the  high  thermal  conductivity  of  these  materials  results 
in  a high  power  handling  capacity;  for  example,  continuous  wave  power  levels  of  IW  produced  no  damage  to  a 
transducer  operating  at  I GHz  (Budreau.  A.J..  ..  1979a)  Beryllium  oxide  single  crystals  have  been  grown 

in  centimeter  sizes  (Haqon,  P.J.,  1971)  The  velocity  of  surface  acoustic  waves  is  6500  m/sec.  The 

very  weak  piezoelectric  coupling  tllOth  that  of  quartz)  and  the  strong  coupling  to  volume  waves  make  this 
material  unattractive  compared  to  aluminum  nitride  t hi n-f i lms-on-sapphi re . which  have  unusually  low  cou- 
pling to  volume  waves  and  a piezoelectric  coupling  up  to  six  times  that  of  ST -quartz  The  velocity  of  the 
films  varies  from  about  6000  m sec  for  very  thin  films  to  6600  m/sec  for  0.7  wavelength  thick  films  (liu. 
J.K.,  1975a).  Also  their  temperature  coefficients  vary  from  97  ppm  for  a very  thin  film  to  26  ppm  for 


A 


a film  0.57  wave lengths  thick  (Liu.  J.k..  1975b)  Single  crystals  of  aluminum  nitride  have  been  q i own 
in  sizes  up  ta  only  stveial  millimeters  (Puttier,  C.O.,  19/4).  (Slack.  G.A.,  1976);  larger  crystals  are 
needed  t v>  i measuring  t tie  unknown  elastic  constants 


Velocity  nonun i f ormi t i es  from  one  side  to  the  other  of  a I cm  wide  sample  have  been  observed  to  be  of  the 
order  of  0.5  for  thin  films  of  AIN  grown  on  sapphire  by  chemical  vapor  depos i t i on  (Budreau,  A.J.,  1974b) 

Ibis  ve lenity  difference  is  of  course  most  critical  for  narrowband  SAW  filter  app I i c at  .ions . Another  problem 
has  been  the  lav k of  reproducibility  of  the  piezoelectric  coupling  from  sample  to  sample  Liu,  et.  a I 
( l i ir . J.K.,  1975  a)  (Liu.  J.k.,  1975b)  have  shown  that  this  can  he  vine  t o misalignment  of  the 

pyramidal  grains  *f  the  as-grown  thin  films  The  qiancilarity  is  so  severe  that  the  films  must  first  he 
polished  to  avoid  scattering  the  surface  acoustic  waves  Initial  results  with  films  qrown  by  reactive  rf 
sputtering  show  that  they  do  not  have  this  cjt anu lar i t y ; thus,  this  method  of  growing  films  war  rants  further 
i rives t i gat  i on  (Shuskus.  A.J,,  19/4) 

7 CONCLUSIONS 

Cleaily.  the  task  erf  choosing  a substrate  material  for  a SAW  device  is  not  tiivial  There  are  many  factors 
which  must  be  considered,  most  of  which  have  been  discussed  heir.  fortunately,  the  relative  importance  of 
these  factors  varies  with  the  specific  device  and  appplication  at  hand.  It  is  hoped  that  the  topics  dis- 
cussed herein  will  provide  the  design  engineer  with  a reasonable  under  standi nq  of  the  many  factors  Involved 
in  SAW  device  substrate  choice,  and  with  a useful  set  of  guidelines  for  weighing  the  relative  importance  of 
those  factors  in  a specific  design 
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arsenide  / indicates  distance  for  propagation  in  wavelengths  from  input  transducer,  0 gives  the  misorientation  from 
1 1 I axis,  and  t’  is  laser  probe  diameter  in  acoustic  wavelengths. 
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Fig.‘>  Universal  diffraction  loss  curve  for  all  parabolic  materials  as  a function  of  (Z  1 : 1 1 1 + y I.  I o convert  to  the 
actual  distance  in  wavelengths  on  horizontal  scale  simply  insert  l .width  of  your  transducer  m wavelengths,  and 

1 appropriate  to  v our  material 
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Fig  10  Illustration  of  the  two  orders  of  magnitude  diffraction  suppression  achieved  using  the  40.04  Bi12Cie0JO 
minimal  diffraction  cut  An  acoustic  aperture  of  L 40.50  wavelengths  was  used. 
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I ig  I I Loss  due  to  diffraction  and  beam  steering  as  a function  of  slope  of  power  llow  angle  for  parabolic  materials. 
L represents  width  of  transducer  in  wavelengths.  1.  the  distance  between  transducers  in  wavelengths,  and  US  4.  the 
beam  steering  angle  (defined  as  misalignment  of  center  line  between  transducers  from  desired  pure  mode  isisi. 
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P.Tournois 

As  tar  as  Tl  s VS4  is  concerned  do  you  have  infrared  transparency  and  permittivity  figures’ 

Author's  Reply 

They  tiave  been  measured  by  West  in-house,  but  I ilo  not  have  the  figures 

Voles 

Can  you  comment  on  the  frequency  dispersion  at  all?  HIM  have  found  that  in  practice  there  is  a \ciy  slight 
dispersion  when  there  is  a damaged  layer 

Comments  I'. Stern 

In  grating  devices,  energy  storage  in  grooves  introduces  a dispersion  as  large  as  I . II)4  I Ins  dispersion  is  anticipated 
in  our  design  equations  and  illy  picully  causes  minimal  problems  in  structures  up  to  1 0s  wavelength  long. 

b. Stern 

Could  you  recommend  material  loi  HID  C temperature  variations? 

Author's  Replv 

I he  temperature  variation  ol  a SiO,  dim  him  on  I i la  0,  is  significantly  less  than  that  ol  S I quart/  ovet  a 100  "(' 
temperature  range 
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MICROWAVE  SURFACE-ACOUSTIC-WAVE  COMPONENTS 
P.  HARTEMANN 

THOMSON-CSF  Research  Center 
Uomaine  de  Corbeville  - 91401  Orsay  ( France  ) 


SUMMARY 


Various  surface-acoustic-wave  components  operating  at  frequencies  greater  than  1 GHz  have  been  realized 
using  an  electron  beam  pattern  generator.  Fabrication  process  are  described  in  this  paper  and  the  main 
features  of  devices  are  reported.  Simple  and  tapped  delay  lines  operating  at  about  1.3  GHz  with  a 3 dB 
bandwith  close  to  500  MHz  were  performed  with  lithium  niobate  substrates.  The  maximum  delay  time  is  equal 
to  10  ps. Large  bandwidth  coded  lines  and  dispersive  delay  lines  were  also  tested.  Narrow  bandwidth  fil- 
ters were  realized  using  sampled  interdigital  transducers  deposited  on  surfaces  of  lithium  niobate  and 
quartz  substrates.  A relative  bandwidth  of  8 x 10"^  has  been  obtained.  Oscillators  have  been  implemen- 
ted with  such  filters  up  to  2 GHz,  the  substrates  being  ST  cut  quartz  plates. 

1.  INTRODUCTION 

Surface-acoustic-wave  (SAW)  devices  are  now  currently  used  for  signal  processing  at  frequencies  lower 
than  about  500  MHz.  But  in  order  to  increase  the  bandwidth  of  transducers  and  the  fundamental  frequency 
of osci 1 lators  .frequencies  greater  than  1 GHz  must  be  reached.  The  transducers  of  SAW  devices  are  gene- 
rally made  of  fingers  with  a quarter-wavelength  width  that  is  about  0.9  pm  at  1 GHz.  Sophisticated  pat- 
tern generator  must  be  employed  for  obtaining  such  a submicron-size  finger  width.  An  other  limitation 
of  interdigital  transducers  is  due  to  the  great  electrical  resistance  of  a narrow  finger,  the  thickness 
of  fingers  being  only  about  600  A for  the  highest  frequency  and  the  ohmic  loss  of  a large  bandwidth  trans- 
ducer composed  of  a few  number  of  fingers  is  large.  Moreover  propagation  loss  limits  also  the  upper  fre- 
quency of  SAW  devices.  At  1 GHz  this  loss  for  lithium  niobate  and  quartz  is  close  to  1 dB/ps  and  3 dB/ps 
respectively  and  it  is  about  proportionnal  to  the  squared  frequency  (SL0B0DNIK  A.J.,  1973).  Then  fabri- 
cation process  used  for  obtaining  very  narrow  fingers  by  electron-beam  lithography  are  described  in  this 
paper  and  features  of  some  SAW  components  operating  at  frequencies  greater  than  1 GHz  are  reported. 

2.  FABRICATION  PROCESS 

The  electron  beam  pattern  generator  fabricated  by  THOMSON-CSF  is  employed  for  obtaining  very  narrow  fin- 
gers (CAHEN  0.  et  al . , 1972).  The  substrate  is  fixed  on  a (X , Y ) table,  the  position  o£  which  is  measured 
using  two  Michelson  interferometers  with  an  accuracy  equal  to  0.04  pm.  The  desired  position  of  the  impact 
spot  of  the  electron  beam  is  reached  with  motors  moving  the  table  and  coils  deflecting  the  beam.  The  glo- 
bal accuracy  of  this  masking  machine  is  about  0.1  pm  over  a scan  field  of  25  cm2.  The  spot  of  the  elec- 
tron beam  can  sweep  a 500  pm  by  500  pm  square  without  moving  the  table.  This  machine  is  completely  digi- 
talized, the  elementary  spot  displacement  being  0.125  pm. 

The  piezoelectric  substrates  are  exposed  directly  to  the  electron  beam  and  a static  charge  is  accumulated 
because  they  are  insulators.  This  charge  must  be  eliminated  in  order  to  avoid  electron  beam  distorsion; 
this  is  done  by  a metallic  coating.  Thus  the  200  A thick  aluminium  film  intended  for  suppressing  the  sta- 
tic charges  may  be  deposited  on  the  free  surface  of  the  substrate  or  on  the  4000  A thick  P.M.M.A.  resist 
coating.  In  the  first  case  the  parts  of  this  film  located  between  fingers  are  ion  etched  at  the  end  of 
the  fabrication  process,  (see  the  figure  1).  In  the  second  case  the  electrons  reach  the  resist  through 
the  aluminium  filmwhichis  chemically  etched  before  the  development,  (see  the  figure  2).  Except  for  these 
last  precautions,  the  conventional  lift-off  technique  is  employed  for  both  cases  in  order  to  deposit  alu- 
minium fingers  with  a thickness  close  to  800  A.  The  second  process  is  simpler  than  the  first  because  ion 
etching  is  not  necessary  and  short-circuits  between  fingers  are  less  frequent.  The  smallest  width  so  ob- 
tained for  the  transducer  finger  has  been  0.3  pm  as  shown  in  the  figure  3.  In  this  case  the  centre  fre- 
quency of  the  delay  line  has  been  2.7  GHz.  The  insertion  loss  has  been  excessive  (80  dB)  mainly  because 
the  ohmic  loss  of  the  transducer  has  been  large  , the  resistance  of  a finger  being  about  300  ft. 

3.  CHARACTERISTICS  OF  MICROWAVE  SAW  COMPONENTS 

3.1  Delay  lines 

Y-cut,  Z-propagating  lithium  niobate  substrates  have  been  used  for  realizing  simple  or  tapped  delay 
lines.  Parts  of  frequency  responses  corresponding  to  lines  with  a delay  of  2.2ps  and  lOps  respectively 
are  shown  in  the  figure  4.  The  width  of  transducer  fingers  is  0.58  pm  and  the  length  250  pm.  The  main 
features  of  these  two  delay  lines  are  presented  in  the  table  1. 


TUS 

N 

PdB 

Fo  GHz 

B1  MHz 

B2  MHz 

Line  no.  1 

2.2 

4 

43 

1.34 

540 

720 

Line  no.  2 

10 

6 

62 

1.25 

280 

390 

Table  I 


T : delay  - N : number  of  fingers  for  each  transducer 
P : insertion  loss  with  matching  networks  - F0  : centre 

B.  : 3 dii  bandwidth  - It,  : b dB  bandwidth 


frequency 


The  centre  frequency  of  the  line  n°  . are  lower  than  that  of  the  line  n“  1 because  of  the  propagation 
loss  variation  versus  frequency. 

Transducers  with  a variable  finger  spacing  (dispersive  transducer )h,ive  been  performed  for  reducing  inser- 
tion loss.  Using  a dispersive  transducer  made  of  37  fingers  a loss  of  31. b dR  for  a 1.1  ps  delay  has  been 
obtained  with  a 3 dB  bandwidth  of  bOO  Mil;,  the  other  transducer  being  a -1  finger  standard  transducer.  In 
this  case  the  delay  variation  is  10  ns  for  a 700  MHz  range  and  the  finger  width  changes  from  0.47  pm  to 
0.76  pm  along  the  dispersive  transducer. 

A TO  taps  delay  line  has  been  fabricated  with  an  incremental  delay  of  1 ps.  The  launching  transducer  and 
the  10  identical  receiving  transducers  are  made  of  10  and  4 fingers  respectively.  The  frequency  response 
of  each  output  is  shown  in  the  figure  b.  The  insertion  losses  are  between  26.6  and  62.6  dB  according  to 
the  number  of  the  output.  The  discrepencies  occuring  in  the  shapes  of  fi-equency  responses  are  due  to  the 
propagation  loss  variation  within  the  bandwidth.  The  average  centre  frequency  and  bandwidth  are  about 

1.4  GHz  and  400  MHz  respectively. 

3.2  Coded  lines 

A line  coded  according  to  a 13  chip  Barker  code  was  tested,  the  centre  frequency  being  l.b  GHz.  The  chip 
duration  is  b.b  ns.  The  coded  transducer  is  made  of  4 finger  elementary  transducers.  The  finger  number 
of  the  conventional  transducer  is  20.  The  3 dB  width  of  the  compressed  pulse  is  about  6 ns. 

3.3  Dispersive  delay  lines 

Dispersive  delay  lines  with  a bandwidth  close  to  bOO  MHz  have  been  performed  using  dispersive  transducers 
at  1.3  GHz  (WLGLLIN  R.O.  et  al.,  1973)  and  reflective  arrays  of  grooves  at  1 GHz  (WILLIAMSON  R.C.  et  a!., 
1973).  In  the  case  of  dispersive  transducers,  the  compression  ratio  is  limited  because  the  number  of  nar- 
row fingers  becomes  excessive  for  a dispersive  delay  greater  than  about  bOO  ns  and  short-circuits  between 
fingers  are  frequent.  This  number  of  short-circuits  is  reduced  using  dispersive  transducers  operating  at 
an  harmonic  frequency. Transducers  with  split  fingers  operate  well  at  the  third  harmonic.  (BRISTOL  T.W.  et 
al.,  1972  ).  At  l.b  GHz  the  finger  width  is  0.9  pm  for  such  a transducer  instead  of  0.6  pm  for  a conven- 
tional transducer.  Thus  a line  made  of  two  identical  dispersive  transducers  with  split  fingers  was  tested 
at  1.3  GHz.  The  delay  variation  is  212  ns  for  a 300  MHz  range  according  to  a linear  law  (BT=63.6).  The 
number  of  split  fingers  is  equal  to  9b  for  each  transducer,  the  finger  length  being  2b0  pm.  The  insertion 
loss  is  close  to  30  dB  with  impedance  matching  networks,  the  highest  frequencies  being  the  most  delayed. 

3.4  Filters 

Narrow  bandwidth  filters  have  been  realized  with  a transducer  pattern  previously  tested  at  lower  fre- 
quencies (HARTFMANN  P. , 1971)  . Sampled  transducers  have  been  used  in  order  to  avoid  a great  number 

of  fingers.  They  are  made  of  elementary  transducers  separated  by  a spacing  equal  to  an  integer  of  the 
wavelength  corresponding  to  the  centre  frequency  Fo.  This  number  is  equal  to  Nj  and  Nj  for  the  launching 
and  reveiving  transducer  respectively  as  shown  in  the  figure  6.  For  instance  this  couple  of  integers  is 
equal  to  4b  and  bb.  In  this  case  the  frequency  response  exhibits  main  peaks  separated  by  a frequency  in- 
terval equal  to  F0/bthat  is  300  MHz  for  a centre  frequency  Fo  of  l.b  GHz.  Such  a filter  was  performed. 

The  two  transducers  consist  of  21  and  17  four  finger  elementary  transducers.  The  fingers  are  0.S8  pm  wide 
The  spacing  between  two  adjacent  elementary  transducers  is  10b  pm  and  the  total  transducer  length  2.1  urn 
for  one  transducer  ; 120  pm  and  2.0b  mm  for  the  other.  In  order  to  obtain  a transducer  with  such  length, 
the  combs  were  realized  in  four  parts,  the  table  of  the  masking  machine  being  moved  between  each  exposure 
The  quality  of  the  joints  between  the  differents  parts  is  very  good.  The  frequency  response  of  this  fil- 
ter using  a (Y,  2)  cut  lithium  niobate  as  the  substrate  shows  two  peaks  at  1.237  GHz  and  1.640  GHz  in  this 
frequency  range  (see  the  figure  7).  The  bandwidth  is  about  1.1  MHz  and  the  insertion  loss  without  impedan- 
ce matching  about  2b  dB.  The  shape  of  these  peaks  is  in  good  agreement  with  the  theoretical  predictions. 

The  same  transducers  have  been  deposited  on  a ST  cut  quartz  substrate.  In  this  case  the  peak  frequencies 
are  1.12  GHz, 1.40  GHz  and  1.70  GHz  .the  3 dB  bandwidth  being  about  1 MHz.  The  loss  is  28  dB  with  impedan- 
ce matching.  The  very  great  accuracy  of  the  electron  beam  pattern  generator  at  THOMSON-fSF  has  been  es- 
sential for  obtaining  a successful  operation  of  this  kind  of  filter. 

3.5  Oscillators 

It  is  well  known  that  a delay  line  looped  with  an  amplifier  compensating  the  line  loss  may  oscillate  if 
the  phase  shift  along  the  loop  is  equal  to  Integer  times  360°  (L1WIS  M.F.,  1973).  The  narrow  bandwidth 
filters  described  in  the  previous  paragraph  have  been  used  in  order  to  realize  such  oscillators.  ST  cut 
quartz  is  the  more  useful  substrate  because  its  temperature  stability  is  very  good.  In  this  case  the  oscil- 
lating frequency  may  correspond  to  either  of  the  transfer  function  peaks,  according  to  the  frequency  of 
the  Impedance  matching.  The  spectra  of  these  transmitted  waves  at  1.12  GHz,  1.40  GHz  and  1.70  GHz  are  shown 
in  the  figure  8 for  a 2 GHz  range.  These  spectra  are  very  clean  with  no  detectable  spurious  lines. 


A 2 GHz  oscillator  has  been  performed  using  the  same  kind  of  transducer.  The  insertion  loss  of  the  delay 
line  has  been  about  48  dB  with  a ST  cut  quartz  substrate.  The  transducers  are  composed  of  7 elementary 
transducers  with  8 fingers.  Using  a greater  number  of  elementary  transducers  the  loss  can  be  reduced. 


At  1.01  GHz  using  IS  and  13  elementary  transducers  made  of  8 fingers  the  insertion  loss  has  been  20.6dB 
with  a ST  cut  quartz  substrate  and  the  spectrum  obtained  by  multiplying  this  frequency  up  to  11  GHz  is 
shown  in  the  figure  9 .The  peak  level  is  close  to  SO  dB  above  noise  for  a 300  Hz  analysis  bandwidth. 

4.  CONCLUSION 

Microwave  acoustic  surface  wave  components  have  been  fabricated  by  exploiting  the  accuracy  of  an  electron 
beam  pattern  generator.  The  narrowest  finger  width  that  we  have  obtained  is  equal  to  0.3  nm  and  the  cor- 
responding frequency  is  close  to  2.7  GHz.  However  a centre  frequency  of  l.S  GHz  is  more  practical,  the 
finger  being  0.6  nm  wide.  In  this  frequency  range  the  SAW  components  are  reliable  and  their  features  are 
attractive  for  applications.  So  large  bandwidth  simple  and  tapped  delay  lines  with  a maximum  delay  of 
10  ps  have  been  achieved.  Great  data  rate  coded  lines,  large  bandwidth  dispersive  delay  lines  and  nar- 
row bandwidth  filters  have  been  also  obtained.  Moreover  delay  line  oscillators  operating  at  a fundamen- 
tal frequency  larger  than  1 GHz  have  been  performed.  Their  use  presents  a great  advantage  :the  frequency 
multiplier  required  for  reaching  the  10  GHz  range  is  very  simplified.  In  the  future  SAW  resonators  opera- 
ting at  about  1 GHz  will  be  performed.  They  will  be  used  for  implementing  filters  with  low  insertion  and 
oscillators  with  a very  good  spectral  purity. 
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first  fabrication  process  used  for  obtaining  very  narrow  fingers  with  an  electron 
beam  pattern  generator.  The  first  aluminium  film  is  ion  etched  between  the  states 
6 and  7.  The  coating  of  resist  (poly  (Methyl  Methacrylate)  ) is  4000  A thick. 
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second  fabrication  process  used  for  obtaining  very  narrow  fingers  with  an  electron 
beam  pattern  generator.  The  first  aluminium  film  is  chemically  etched  between  the 
states  3 and  4. 
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fig.  3 scanning  electron  micrograph  of  0.3  pm  wide  fingers 


fig.  4 


parts  of  frequency  responses  of  two  delay  lines  using  (Y,Z)  cut  lithium  niohate 
substrates. 


fig.  6 


transducer  configuration  of  a narrow  bandwidth  filter.  Nj  and  N2  are  two  different 
Integers  and  \o  Is  the  acoustic  wavelength  at  the  centre  frequency 
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fig.  9 spectrum  of  11  GHz  oscillator  implemented  with  a 1.01  GHz  SAW  delay  line  oscillator 
The  analysis  bandwidth  is  equal  to  300  HZ. 
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0.3  microns  3 microns. 
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ABSTRACT. 

A subsystem  design  incorporating  S.A.W.  devices  for  passive  signal  encoding  and  pulse  compression  with 
100MHz  bandwidth  and  5us  dispersion  is  described.  The  paper  is  divided  into  three  parts  covering 
S.A.W.  device  design,  subsystem  design  and  environmental  testing. 

in  order  to  minimise  weight  and  power  consumption  the  S.A.W.  devices  were  designed  for  implementation 
on  ST-X  Quartz  substrates.  With  this  material  and  appropriate  mechanical  layout  only  minor  changes 
in  device  performance  are  visible  over  an  operating  temperature  range  in  excess  of  100  C.  In  this 
development  a new  approach  to  the  design  of  double-dispersive,  angled  chirp  filters  is  taken.  The 
technique  has  resulted  in  S.A.W.  devices  with  T.B.  = 500,  insertion  loss  less  than  A5dB  and  matched 
to  give  a compressed  pulse  width  of  15ns.  with  3**dB  side’obe  suppression. 

Subsystem  design,  including  high  gain,  broadband  amplifiers  has  shown  the  need  for  care  in  mechanical 
and  electrical  layout  and  screening.  Attention  is  given  to  design  for  low  R.F.I.  and  good  pulse 
compression  performance  in  a unit  operating  in  an  airborne  environment. 

The  design  and  testing  of  the  subsystem  is  illustrated  with  operational  performance  data  and 
limitations  observed  during  prototype  test  are  outlined. 

1 . INTRODUCTION. 

The  use  of  interdigital  transducers  on  piezo-electric  substrates  was  described  by  Smith  et.  al. 
(1969)*  The  principles  outlined  by  Smith  have  been  widely  described  and  developments  into 
dispersive  delay  have  formed  a significant  part  of  this  work.  Two  substrate  materials  are 
commonly  used.  ST-X  Quartz  has  a particular  advantage  over  most  others  in  that  the  temperature 
coefficient  of  delay  for  Rayleigh  waves  has  a zero-point  at  normal  ambient  temperature.  Quartz 
does,  however,  have  a low  electro-mechanical  coupling  coefficient  and  consequently  high  device 
loss  must  be  accepted  if  large  fractional  bandwidths  are  required.  Y-Z  Lithium  Niobate  has  a 
very  much  larger  coupling  coefficient  but  presents  significant  problems  in  spurious  mode 
suppression,  high  array  capacitance  and  poorer  reproducibility  than  Quartz. 

After  making  the  choice  of  ST-X  Quartz  for  a chirp  subsystem  with  large  bandwidth  a further 
compromise  has  to  be  made  between  the  use  of  higher  centre  frequency  with  reduced  fractional 
bandwidth  or  a lower  centre  frequency  with  an  associated  relaxation  in  electrode  dimensions  and 
thus  improved  processing  uniformity.  With  the  choice  of  300MHz  as  the  centre  frequency  it  was 
accepted  that  33^  bandwidth  would  present  high  device  insertion  loss  and  poor  impedance  match 
into  electronics  employing  normal  circuit  impedance  of  50ohms . The  associated  requirement  for 
high  gain,  wideband  amplifiers  has  resulted  in  a modest  transmitter  s i gna I - to-no i se  ratio  of 
20dB  but  this  is  found  to  be  adequate  since  approximately  25dB  of  compression  gain  in  the 
receiver  results  in  source  noise  which  is  well  below  the  sidelobe  levels  required  and  achieved. 

2.  S.A.W.  DEVICE  DESIGN. 

In  the  design  of  devices  with  100MHz  bandwidth  at  300MHz  it  was  decided  that  the  type  of  structure 
shown  in  figure  1 should  be  employed.  In  this  structure  the  two  transducers  are  equally 
dispersive  and  thus  have  time-bandwidth  products  of  250.  The  inclined  structure  is  employed 
to  minimise  complex,  convolution  effects  and  bulk  wave  coupling  which  can  lead  to  degradation  in 
the  signal  performance.  Each  device  consists  of  an  unapodised  transducer  and  an  apodised 
transducer;  in  the  compressor  spectral  weighting  is  included  to  achieve  sidelobe  suppression. 

Each  transducer  is  designed  with  interdigital  electrodes  with  one  series-connected  break  in  each 
pair  of  electrodes.  This  structure  has  three  particular  advantages 

a)  A larger  aperture  can  be  employed  to  reduce  diffraction  effects  without  creating  arrays 
with  excessive  capacitance; 

b)  The  series  connected  structure  is  more  tolerant  of  inter-electrode  shorts  since  there 
are  two  gaps  between  the  pads. 

c)  Series  connected  electrodes  can  be  employed  in  the  angled  structure  without  the  danger  of 
significant  wavefront  distortion  since  the  breaks  occur  equally  distributed  across  the 
aperture. 
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2.1.  Multi-source  design. 

In  a double  ended  device  structure  with  angled  transducers  simple  geometrical  arguments 
show  that  the  array  over  which  accoustic  convolution  occurs  changes  in  a complex  fashion. 

In  the  case  of  a weighted  compressor  device  in  which  delay  increases  with  frequency  this 
situatior.  is  illustrated  in  figure  1.  In  this  figure  it  is  assumed  that  the  transducer 
to  the  left  is  unapodised  and  to  note  the  performance  at  low,  mid  and  high  frequencies 
the  areas  A,  B and  C nave  been  emphasised.  As  is  customary  in  devices  employing  this 
type  of  structure  the  length  i is  shown  to  be  close  to  LA/Tb,  i.e. 

t = 0.0632  L, 

wnich  results  in  signal  contributions  f rom  all  electrodes  within  the  length  i i.  Clearly 

the  amplitude  function  will  be  distorted  by  the  asymmetry  of  the  active  region  at  all 
frequencies  away  from  mid-band. 

In  the  discussion  above  it  was  assumed  that  the  unapodised  transducer  generates  a plane 
wavefront  and  that  this  is  retained  as  the  wave  propagates  over  a distance  which  is  23 
times  the  source  aperture  at  low  frequencies  and  53  times  the  source  aperture  at  high 
frequencies.  Over  such  distances  significant  diffraction  spreading  of  the  wavefront 
occurs.  The  significance  of  this  effect  is  illustrated  in  figure  2 where  the  apertures 
and  diffraction  effects  on  the  wavefront  are  shown  approx imate 1 y to  scale.  At  all 
frequencies  conditions  approaching  the  far-field  or  point  source  circumstance  apply  at 
the  exactly  matched  area.  Perhaps  a more  important  effect  is  the  ranslation  of  energy 
laterally  from  the  geometrical  image  condition  shown  in  figure  1 to  areas  of  the 
transducer  outside  that  area.  This  lateral  spread  is  quantified  by  noting  that  the  3dB 
width  of  the  beam  at  the  receiving  transducer  increases  from  l.la  at  low  frequencies  to 
3-7a  at  high  frequencies,  where  a is  the  transmitting  aperture.  Over  the  same  range  the 
peak  amplitude  decreased  by  a factor  0.57. 

2.2.  Result  of  implementing  a multi-source  design. 

A athematical  derivation  of  the  multi-source  design  is  presented  in  the  appendix.  The  main 
effect  of  this  change  in  design  approach  is  seen  in  figure  3-  If  the  apodisation  were 
implemented  only  on  the  basis  of  combining  frequency  weighting  with  the  f function  derived 
through  taking  account  of  finger  density  effects  (Hartmann  (1373) ) the  apodisation  function 
would  be  represented  by  the  solid  line.  With  attention  to  diffraction  through  application 
of  a single  source  model  the  anodisation  function  is  shown  by  the  dot-dashed  line  and  with 
the  present  multi-source  model  which  extends  the  diffraction  modelling  and  also  takes  account 
of  acoustic  convolution  the  apodisation  function  is  shown  by  the  dashed  line.  When  the 
three  functions  are  normalised  to  the  value  at  mid-point  in  time  one  feature  is  particularly 
clear,  the  multi-source  model  introduces  a correction  which  is  in  the  opposite  direction 
to  the  single-source  model!  A Fourier  analysis  of  this  error  based  on  the  paired  echo 
theory  (Klauder  (i960))  indicates  that  the  difference  between  the  two  models  would  produce 
a pa i r of  sidelobes  at  ti  e position  1/B  having  peak  amplitude  only  20dB  below  the  main 
pulse.  Such  a pair  of  sidelobes  would  give  significant  pulse  distortion  and  additional 
sidelobes  migh*  be  expected. 

3.  SUBSYSTEM  DESIGN. 

The  circuits  employed  for  the  passive  expansion  process  are  shown  in  figure  4.  As  a result  of 
general  design  constraints  the  unit  had  to  provide  synchron i sat  ion  of  the  trigger  pulse  to  an 
externally  available  300MHz  COHO.  After  synchronisation  a high  level  impulse  was  generated  by 
causing  a transistor  to  avalanche  when  triggered  by  the  interface  circuitry.  Following  the 
expansion  process  the  amplifier  was  split  into  a low  noise  preamplifier  stage  and  the  main 
amplifier  prior  to  gating  a limiting.  In  general  very  little  limiting  was  employed  since  this 
helps  to  maintain  signal  to  noise  and  it  was  found  that  the  S.A.W.  impulse  responses  was  flat 
enough  to  meet  specification. 

A feature  of  the  expansion  unit  design  was  the  requirement  for  circuit  screening  and  earth 
contact.  To  achieve  the  performance  required  each  circuit  was  implemented  in  circuit  boards 
with  a large  area  earth  plane  on  the  reverse  side.  These  circuits  were  then  inverted  into 
pockets  in  a milled  aluminium,  module  box  with  each  amplifier  package  grounded  through  a heat 
sink.  This  configuration  was  found  to  minimise  spurious  oscillation  and  feed-through  effects. 

The  compressor  unit  block  diagram  is  shown  in  figure  5.  In  most  respects  the  circuit 
implementation  was  st ra i ght forward  and  employed  part  of  the  same  module  box  as  the  expansion 
unit.  A feature  of  some  concern  was  the  receiver  performance  in  the  presence  of  many, 
moderate  level  returns:  a situation  which  can  occur  quite  readily  in  a system  employing  a 
time-bandwidth  product  of  500.  To  achieve  suitable  performance  in  this  respect  the  amplifier 
character i st i cs  shown  in  figure  6 were  employed.  In  this  the  preamplifier  exhibits  little 
sign  of  saturation  at  total  input  levels  in  excess  of  +5dBm  although  the  normal  signal  level 
for  maximum  output  is  -lOJBm.  In  this  way  something  in  excess  of  20  overlapping,  high  level 
returns  can  be  processed  simultaneously  without  significant  precompression  intermodulation 
or  post  compression  limiting.  Clearly  the  provision  of  such  "headroom"  reduces  the  dynamic 
range  available  below  a single  return  of  normal,  maximum  amplitude.  This  compromise  was 
considered  essential  for  system  operation. 
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4.  SYSTEM  PERFORMANCE . 


System  performance  falls  Into  two  general  areas, 


a) 

b) 


basic  signal  charac ter  I st Its  at  normal  ambient,  and 
variation  of  those  chat acter ist les  In  extreme  environments. 


4.  I . 


has  i » ■»  ijn.»  I v ha  i .n  t oi  i *.  t i i . 


The  expander  unit  output  response  is  shown  In  figures  7 and  8.  Figure  7 shows  the 
impulse  response  and  demonstrates  the  high  standard  of  amplitude  flatness  achieved  for 
an  S.A.W.  device  operating  at  300MHz . In  t Igurc  8 the  expansion  unit  output  spectrum 
demonstrates  the  moderate  signal  to  noise  ratio  of  20dB.  In  the  example  available 
when  these  records  were  obtained  the  spectral  amplitude  was  found  to  vary  over  a 
range  of  • l.SdB.  Since  this  variation  exceeds  the  amplitude  variations  In  the  impulse 
response  it  is  felt  that  this  indicates  phase  variation  which  can  probably  be  traced  to 
variations  in  electrode  width  to  space  ratio  at  some  places  in  the  transducer  array. 


Figure  9 shows  a compressed  pulse  output  from  the  subsystem  with  a single  inpirt  at  **  I Od  Bat. 
In  this  example  the  **3dB  pulse  width  is  13ns  and  receiver  compression  gain  has  Improved 
the  signal  to  noise  ratio  to  an  extent  where  sidelobcs  at  ~34dB  are  clearly  visible. 
Detailed  study  of  the  timing  synchronisation  was  achieved  by  phase  detection  of  the 
compressed  pulse.  This  test  showed  that  phase  jitter  was  below  the  measurement  limit  of 
*3  which  corresponds  to  a timing  accuracy  of  *28psccs. 


4.2.  Env i ronmen t aj  performance. 
4.2.1.  Temperature. 


Normal  operation  was  required  for  ~5C  to  +60°C  with  power-on  warm  up  from  -40°C  and  +70°C. 
In  practice  very  little4  change  in  the  basic  performance  was  observed  over  the  extended 
temperature  range.  The  main  problem  was  found  In  gain  variations  with  temperature  which 
amounted  to  » IdB  in  the  expansion  unit  and  a further  ♦ IdB  In  the  compressor  unit. 


Side  lobe  levels  were  particularly  good  at  high  temperature  with  — 3 4d  B being  the  worst 
observed  from  +20  C to  4/0  C.  At  lower  temperature  some  degradation  occured  with  a single 
sldelobc  increasing  to  -30dB  at  **5  C and  to  -28dB  at  -40  This  effect  only  appeared 

temporarily  and  improved  after  20  minutes  operation  at  *5  C when  turned  on  front  cold  soak 
at  -40  C. 


4.2. 


Acceleration  and  vibration. 


Normal  performance  was  observed  during  acceleration  to  I Og  in  each  of  three  orthogonal  axes 
and  no  damage  was  observed  during  electrical  and  visual  testing  after  vibration  to  1 . 3g  peak 
over  the  frequency  range  1 5Hz  to  500Hz. 


4.2.  \ . Spur  ions  i njec  t ion  cw  t lie  power  suppl  I e s . 


The  unit  employs  supplies  at  424  Volts,  +13  Volts  and  “5-2  Volts.  In  each  case  tests  were 
carried  out  w'th  injected  spurious  at  0.3  Volts  peak  to  peak  over  the  frequency  range 
400Mz  to  300MHz.  During  tests  or)  the  24  Volt  and  13  Volt  supplies  slight  phasing  effects 
were  observed  on  the*  sidelobes  but  at  no  time  did  the  effects  result  in  more  than  IdB  change 
in  level.  Some  effect  was  observed  in  timing  jitter  but  this  was  always  less  than  the 
*1  observed  with  high  frequency  injection  on  the  -3.2  Volt  line.  The  latter  sensitivity 
was  considered  unimportant  in  practice  since  this  power  line  was  on  I y used  to  drive  ICL 
circuits  which  would  tend  to  carry  only  trigger  synchronous  ripple. 


The  results  of  performance  evaluation  are  summarised  In  the  tables  below. 


Expander  : 

Spec l f I cat  Ion 

Observed 

Centre  frequency 

Dandwi dt h 

D i spots i on 

500  « 3(111/ 
ioo  i ,!mh* 

9.0  i 0 . hi* 

300. 3MM/ 

100.4mm/ 

4 . 98ii*  • 

Compressor : 

Spec  1 f 1 cat  Ion 

Ob set ved 

Compressed  pulse  width 

16ns  max. 

16ns  worst  case. 

Side  lobe  level 

"30dB  peak  max. 

-34dB  above  R.T. 

-30dB  woi  st  c ase 

•X  -g°C  ■ 

Pu 1 se  j i 1 1 er 

* 0 

3 max . 

■4 *.  3 max. 

: m 


!>.  CONCLUSIONS. 


A high  frequency,  wideband  pulse  compression  subsystem  with  a time-bandwidth  product  of  600  has 
been  developed.  The  unit  employs  S.A.W.  devices  which  were  designed  through  application  of 
novel  design  procedures  which  have  proved  to  be  very  successful.  Although  neither  the  S.A.W. 
devices  nor  the  electronics  we^e  temperature  controlled  performance  has  been  shown  to  be 
satisfactory  from  -*iO°C  to  ♦70°C.  Detailed  evaluation  under  conditions  appropriate  to  a real, 
airborne  environment  have  shown  that  the  subsystem  is  unconditionally  stable  and  maintains  a 
high  order  of  pulse  compression  performance  and  timing  coherence  under  all  circumstances. 
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7.  APPENDIX. 


When  a broadband  impulse  is  applied  to  a double  dispersive  transducer  structure  the  output 
signal  can  be  expressed  as  the  convolution  of  the  impulse  responses  of  the  two  individual 
transducers.  The  integral,  h(t),  represents  the  response  when  the  signal  transmitted  by  the 
constant  aperture  transducer  P passes  under  and  Is  detected  by  the  weighted  transducer  Q. 

If  the  impulse  responses  of  P and  Q alone  are  given  by  p (t)  and  q (t),  respectively  then: 


h (t)  - J p (t-i)  q ( t ) d t . 


When  P and  Q represent  linear  chirps  we  have: 


p (t ) - expj  (u>  t -f  pi  /2) 


w(  i ) expj  (u>  t ♦ mi  /2)  ; 


h (t)  - exp j (w  i ♦ mi  /2)([:  w(i)  expj (mi  * Mtt)  di 


where  -T<t^0;  i 


/2  + *5  T1 


0 v t v T ; t 2 


T,  T. 

/?'  M * * " / j • 


This  complex  convolution  integral  is  evaluated  numerically  using  a small  enough  step  to  describe 
accurately  the  variation  of  expj  (ut  - Mtt)  with  i. 


The  two  dimensional  nature  of  surface  wave  propogat ion  from  an  inteidigital  transducer  is 
analagous  to  the  optical  case  of  light  illuminating  a thin  slit  of  length  2a.  It  is  assumed 
that  the  transducer  is  represented  as  a line  source  with  constant  amplitude  per  unit  length. 

If  propogat ion  takes  place  along  the  x-axIs,  and  provided  x > 2a,  the  amplitude  of  the  acoustic 
beam  at  an  observation  point  (x,y)  is  given  by: 


A(x.y)  - 2 


* j e\p(-jnv2/2)dv 


y*  - (y+a)  / (\x/2)‘ 


y-  - (ya)  / ( \x/2)  “ 


If  the  receiving  electrode  is  of  length  2b  then  the  total  detected  signal  amplitude  A(x)  is  given 
by: 


A (x)  - 2 


i f b m 


exp(-jnv  / 2)  dv.  dy. 


Normalising  to  the  acoustic  wavelength,  \,  (2)  may  be  rewritten  as: 


A(x)  - 2 


ii 


exp(-jnv  /,,)  dv.  dy. 


where  b - b/V  ; a - a/\  and  x - x/\ 


The  above  theory  applies  to  Isotropic  substrates  and  a modification  must  be  made  to  take  account 
of  the  anisotropy  of  ST-X  cut  Quart/.  It  has  been  shown  by  S/abo  (1973)  that  a useful  theory 
for  calculating  anisotropic  diffraction  fields  Is  to  assume  that  on  or  near  the  axis  of 
propogat ion  velocity  can  be  approximated  by  a parabolic  law.  Cohen  (1967)  has  compared  a 
rigorous  analysis  of  anisotropic  diffraction  with  the  approximate  analysis.  He  concludes  that 
anisotropic  diffraction  can  be  represented  by  the  Fresnel  Integral  of  equation  (l)  with  a scale 
change. 


- *(l  ♦ y) 


A _ 


where  > i s an  anisotropy  factor  dependent  on  the  square  law  velocity  variation  in  the  vicinity 
of  the  pure  made  axis  defined  by  the  velocity  equation: 


v(tl)  v (UyO  /,) 
o 2 


(5) 


The  value  of  > for  ST-X  cut  Quart/  has  been  computed  by  Campbell  and  Jones  (1968)  fiom  velocity 
data  : they  find  > - 0.378. 

It  x in  (3a)  is  appropr  i ate  I y scaled  according  to  (k)  , one  obtains  the  simplified  expression; 

A(x)  - (jJ  F («^) -«_'  F (»_)  -j.  |exp  (-jn-^2/^)  " exp  ("ji»»_  (6) 

where  F (« ) I exp  (-jnv^/^)  is  the  Fresnel  integral 

SO  o i 


1 1 and 


« i - (t>  ♦ a)  / (^/2)  * 


(7) 


Equation  (6)  describes  the  situation  when  both  transmitter  and  receiver  lie  along  the  same 
axis.  If  there  is  a lateral  separation  c between  transmitter  and  receiver  as  in  the  inclined 
transducer  structure,  then  the  received  voltage  is  given  by: 


A (I ,?) 

r 

/ -b*c  J y- 

S impl i f icat ion 

of  this  expression 

A(t.c) 

■(!)*[■  f + 1 

'1  je*P  (*J"“ 

n *“ 

, /2 J + e*P  (■J"“2  /• 

where 

- (S  ♦ a ♦ f)  / 

“2 

- (-15  - a + c)  / 

8i 

» (B  - a + c)  / 

82 

- (-B  + a + c)  / 

exp  (“jnv  /2)  dv.  dy. 


(8) 


(9) 


CS-/2) 1 

i'?  / 'J\  * 


The  procedure  for  synthesising  the  double  inclined  transducer  structure  consists  of  the  evaluation 
of  equation  (l)  subject  to  the  constraint  that  the  sample  weights  w(i)  are  evaluated  by  using  the 
precise  diffraction  integral  of  (9).  If  A (x ,£)  replaces  w(t)  in  (1)  then  the  full  expression 
for  the  received  signal  impulse  response  is  given  by: 


where 


h ( t ) 
$ 


- f A (*,£) 
' M 


t')  exp  j u ( 1 2/2  ♦ 


1 1)  di . 


- v t (1  ♦ y ) / \ 


■ v itanO/A 
s 


and  0 is  the  angle  of  inclination  of  the  transducer. 
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Figure  1.  Double  dispersive  inclined  transducer  geometry  employing  series 
connected  electrodes. 


LOW  FREQUENCY 


: j-7 


(a)  ORIGINAL  APOOISATION 

(b)  MULTIPLE  SOURCE 


Figure  3.  Apod isat ion  profiles  for  various  models  with  and  without  diffraction 
correct  ion. 


Figure  4. 


Expansion  unit  block  diagram. 


Figure  9.  Compressed  pulse. 
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SIGNAL  PROCESSING  WI1H  A REFLECTIVE  DOT  ARRAY  (RDA) 

L.  P.  Solie  and  H.  van  de  Vaart 
Sperry  Research  Center 
Sudbury,  Massachusetts  01776 

SUMMARY 

A new  type  of  pulse  compression  filter  is  described  using  the  Reflective  Dot  Array  (RDA).  The  RDA  is 
similar  to  the  Reflective  Array  Compressor  (RAC),  except  that  the  array  of  reflecting  grooves  is  replaced 
by  an  array  of  reflecting  metallic  dots.  The  RDA  has  the  principal  advantage  of  being  part  of  the  same 
mask  and  metalization  as  the  interdigital  transducers,  allowing  single-step  fabrication.  A linear  FM 
filter  was  developed  with  a center  frequency  of  t>0  MHz,  bandwidth  of  20  MHz  and  differential  time  delay 
of  10  us,  with  less  than  3°  of  rms  phase  deviation  from  quadratic  without  phase  compensating  film, 
showing  that  high  performance  pulse  compression  filters  can  be  produced  at  low  cost. 


1.  INTRODUCTION 


The  reflection  of  surface  acoustic  waves  by  an  array  of  grooves  has  been  used  for  several  years  to 
fabricate  high  performance  pulse  expansion  and  compression  filters,  as  well  as  bandpass  filters 
(WILLIAMSON,  R.C.  and  H.  I.  SMirH,  1973)  and  (DOLAT,  V.  and  J.  MELNGAILIS,  1974).  The  advantages  are 
well  known:  1)  bulk  modes  and  pseudo  surface  modes  are  not  detected  by  the  output  transducers  because 
they  are  reflected  at  a different  angle;  2)  the  structure  is  defect  tolerant;  3)  there  is  no  regeneration; 
4)  grooves  are  separated  by  whereas  electrodes  with  split  fingers  are  separated  by  ^/4  , the 

magnitude  of  the  reflection  is  only  dependent  on  the  depth  of  the  groove  and  not  on  the  piezoelectric 
coupling,  thereby  increasing  the  flexibility  of  achieving  the  desired  tap  weight;  6)  the  depth  weighting 
provides  true  amplitude  weighting  over  the  full  beam  width,  eliminating  diffraction  problems  and  7)  twice 
the  differential  time  delay  can  be  obtained  for  a given  length  substrate.  Hie  major  disadvantages  lie  in 
the  fabrication  process:  1)  a complex  ion  beam  etchinq  system  is  necessary  to  provide  the  variable  depth 
grooves;  2)  the  process  is  serial,  so  that  devices  can  be  fabricated  only  one  at  a time  and  3)  precise 
alignment  is  necessary  between  the  metalized  transducers  (produced  in  one  step)  and  the  array  of  grooves 
(produced  in  another  step). 


In  previous  papers,  it  was  shown  that  the  reflections  of  surface  waves  can  be  accomplished  by  an  array  of 
metalized  dots  (RDA),  where  the  number  of  dots  in  each  row  determines  the  strength  of  the  reflection, 
i.e.,  provides  amplitude  weighting  (SOLIE,  L.P.,  1976)  and  (SOLIE,  L.P.,  1^76).  This  principle  was 
applied  to  the  construction  of  a hiqh  performance  bandpass  filter.  The  advantages  of  using  the  RDA  are 
that  in  adoition  to  all  the  advantages  of  the  reflective  array  compressor  as  listed  above,  the  amplitude 
weighting  is  built  into  the  same  mask  that  contains  the  transducers;  both  transducers  and  the  array  of  dots 
are  evaporated  into  the  substrate  at  the  same  time,  eliminating  the  critical  alignment  step,  and  this 
process  allows  fabrication  of  many  devices  in  parallel. 


In  this  paper,  we  report  on  the  design  of  pulse  compression  filters  using  the  RDA  approach.  The  design 
procedure  is  in  many  respects  identical  to  the  RAC  device.  However,  there  is  a difference  in  the  manner 
in  which  the  phase  compensation  due  to  the  mass  loading  of  the  metal  dots  is  calculated  as  compared  to 
the  grooved  devices.  The  design  of  a pulse  compression  filter  with  a time-bandwidth  product  of  200  and 
the  results  obtained  are  described  in  the  next  sections. 

2.  RDA  DESIGN 

In  analogy  to  the  transfer  function  for  grooved  devices  (WILLIAMSON,  R.C.  and  H.  I.  SMITH,  1973)  the 
transfer  function  for  an  RDA  can  be  written  as 


H(t») 


N 

E a a 

m,n  = 1 m n mn 


T , . 

-1-tx  +X  ) 
Jv  m n 


a) 


where  C Is  a proportionality  constant  relating  the  reflectivity  to  the  height  of  the  discontinuity  (here 
the  thickness  h of  the  metal  dot),  v Is  the  surface  wave  velocity,  d Is  the  dimension  of  the  dot  in 
the  direction  of  propagation  (assumed  constant  over  the  array),  am  and  a^  represent  the  normalized 
weighting  for  each  row  In  the  two  arrays,  A is  the  overlap  function  which  measures  the  fraction  of 
the  n-th  row  illuminated  by  the  m-th  row,  anT  x and  x measure  the  distance  from  the  first  row  to  the 
m-th  and  n-th  rows,  respectively.  As  will  be  shown  In  the  following  section,  using  Eq.  (1)  predicts  the 
transfer  characteristics  of  the  RDA  device  with  good  accuracy. 


In  calculating  the  position  of  each  row,  one  has  to  consider  the  velocity  reduction  which  Is  a function  of 
the  density  and  size  of  the  dots,  the  metal  thickness  and  the  frequency.  The  fractional  velocity  reduc- 
tion is  assumed  to  take  the  form 


(2) 


where  K is  a constant,  A Is  the  fractional  area  metalized  and  * Is  the  wavelength  of  the  surface 
wave.  This  assumes  that  there  Is  no  continuous  metalization,  l.e.,  the  dots  are  smaller  than  a wave- 
length so  that  there  is  no  piezoelectric  shorting.  Equation  (2)  can  be  rewritten  as 


(3) 
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where  Av  /v  is  the  fractional  reduction  of  the  phase  velocity 
in  the  vicinity  of  a row  at  which  frequency  f.  is  resonant,  f 
corresponding  wavelength , and  Ma  is  the  width  of  the  array. 

of  (y-o2. 


of  a propagating  wave  of  frequency  f ^ 
is  the  center  frequency  and  ^ its 
Equation  (3)  assumes  the  dots  have  an  area 


The  group  velocity  for  a wave  at  frequency 


is  given  by 
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where  the  wavevector  k k(  1 + . The  group  delay  for  a surface  wave  at  frequency  f-,  up  to  the  row 

at  which  f?  is  resonant  (located  at  x ) is  then  found  to  be 
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fittl:  j this  expression  to  the  required  chirp  slope,  the  positions  x^  (relative  to  the  position  of 
fir  t row  x, ) can  be  determined.  These  equations  can  also  be  applied  to  the  design  of  an  RDA  bandpass 


the 

filter,  for  which  case  f 


EXPERIMENTAL  RESULTS 


A linear  FM  filter  was  designed  a.  a center  frequency  of  oO  MHz,  a bandwidth  of  20  MHz  and  a differential 
time  delay  of  10  as,  for  a time-bandwidth  product  of  300.  The  filter  was  overdesigned  to  38  MHz  bandwidth 
t." d 1*1  a differential  time  delay  in  order  to  be  able  to  gate  out  the  ripple  at  the  edges  of  the  passband. 
Also*  in  order  to  prevent  refraction  of  the  surface  wave  as  it  enters  the  dot  array,  the  edges  of  the 
array  were  cut  off  perpendicular  to  the  propagation  direction.  This,  of  course,  causes  additional  weight- 
ing at  the  edges  of  the  passband,  but  helps  to  reduce  the  ripple.  The  input  and  output  transducers  were 
phase  reversed  transducers  (9  fingers)  with  a measured  insertion  loss  of  3b  dB. 

The  computed  passband  response  using  Eq.  (1),  as  well  as  the  experimentally  measured  response,  is  shown 
in  Fig.  1.  Although  the  measured  curve  has  a somewhat  larger  dip  in  the  center  of  the  band,  the  overall 
agreement  is  excellent.  Gold  dots  were  used  with  a thickness  of  4400  A;  subtracting  the  transducer  loss, 
fch*»  reflection  loss  is  found  to  be  10  dB  per  array. 


The  phase  response  was  also  measured,  and  fitted  to  a quadratic  curve.  The  deviations  from  quadratic  are 
shown  in  rig.  . . The  rms  phase  deviation  is  .'.3  , an  excellent  result  considering  that  no  pha  e com- 
pensating film  was  used  in  between  the  two  arrays.  This  response  implies  that,  with  appropriate  weighting, 
pulse  compressors  with  time  sidelobes  down  3b  dB  or  better  can  easily  be  obtained  using  the  RDA.  Work  on 
weighted  RDA  pulse  compressors,  as  well  as  on  devices  with  larger  time-bandwidth  products,  is  presently  in 
progress. 

Finally,  two  Identical  devices  were  used  in  a pulse  compression  loop.  One  device  was  impulsed  to  obtain 
the  expanded  signal  (Fig.  3(a)).  After  spectral  inversion,  this  signal  was  gated  and  then  compressed  in 
the  second  RDA  (Fig.  3(b)).  An  expanded  display  of  the  compressed  signal  is  shown  in  Fig.  3(c). 

4 • CONCLUSION 

In  this  paper,  we  have  reported  the  initial  results  obtained  with  a linear  FM  pulse  expansion  and  com- 
pression filter  with  only  a modest  time-bandwidth  product  using  the  RDA  approach.  We  believe  that  this 
approach  will  find  wide  application  in  the  fabrication  of  high  performance  pulse  compression  filters, 
primarily  because  of  the  ease  of  fabrication  while  maintaining  the  excellent  characteristics  of  the  re- 
flective array  compressor.  With  the  modern  fast-scanning  pattern  generators,  mask  fabrication  has  posed 
no  problem.  The  somewhat  higher  cost  of  the  mask  (because  of  the  many  flashes)  is  more  than  offset  by  the 
elimination  of  the  complex  ion  beam  etchinq  apparatus.  For  very  long  time  delay  devices,  it  may  prove 
advantageous  to  use  etched  holes  (or  posts)  rather  than  metalized  dots,  but  even  in  that  case  the  etch 
depth  is  uniform  and  can  be  done  in  a simple  sputter  etch  system — in  parallel  fashion  rather  than  serial. 
For  these  reasons,  the  RDA  approach  shows  promise  to  fabricate  high  performance  filters  at  low  cost. 
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DISC  l SSION 

I Stern 

1 1 will  v ou  coin  mon  I on  tho  relative  merits  ol  KD  A t liters  .is  compared  with  coinciition.il  ID  til  lets"  In  addition, 
could  sou  comment  on  the  relative  cost " 

Author's  Keplv 

I he  cost  . it  making  the  KD  A device  is  very  comparable  to  ID  liansduceis  Ihey  arc  both  single-step  lain ication 
piocesscs  I lie  delect  tolerance  loi  KD  \ is  less  critical  than  toi  I I)  tiansducers 

In  terms  ol  per  formances.  the  ID  t liters  will  in  gcnei.il  li.iv e a low cr  insertion  loss  due  to  the  absence  ol  the 
reflection  loss  bv  an  amount  in  the  older  ol  I 0 db.  but  tile  c| ti .1 1 1 1 \ ol  the  tiller  response  w ill  be  much  worse 
especially  loi  high  1 It  devices  due  to  second-order  cllccts  such  as  bulk  mode  mlerteicnoc.  icgencration.  mlereleclrode 
rellec  turns  and  a lowei  delect  tolerance  \lso.  the  ID  liltci  ■ rapine  twice  the  siibstiate  length  loi  a given  dilleienti.il 
tune  vie  lav  In  shoi  I . all  the  adv  .linages  ol  the  let  lev  t iv  e groov  e dev  ices  apply  to  K D \ dev  ices  as  well 

P I ournnis 

Can  v ou  comment  vm  the  fact  that  y our  results  arc  not  so  good  as  have  been  obtained  with  groove  technology  ' 

Vuthor’s  Keplv 

Kesults  are  not  vet  comparable  with  those  obtained  with  reflective  groove  as  we  are  in  an  earliei  stage  ol 
development  In  particular,  the  understanding  ot  the  velocity  reduction  m the  urr.iv  has  to  be  mtptovcvl  and  we. ire 
making  progress  m this  wav  Phase  deviations  have  been  N vlegrees.  then  degrees,  then  > degrees.  which  makes 
an  improvement 

P C arr 

In  defence  ol  I D transduce  s you  set  lower  insertion  loss  because  v ou  have  m reflection  loss  and  also  v ou  have 
the  tv mpeialure  compensation  ol  SI  cut  vpiarl/ 

\ul bur's  Keplv 

1 he  si/e  ot  mtiltircflection  loss  with  the  bandpass  filter  and  with  the  linear  I 'I  filtei  has  been  around  H)  tv'  I I db  pel 
reflection  when  vve  had  the  proper  compensation  With  thicker  him  we  have  observed  the  reflection  loss  will  be 
r>  db  pel  array  with  the  proper  compensation  lire  propagation  dclav  in  the  principal  direction.  \ directum,  is 
tempeiature-compensatcd 

M.ierlehl 

"I  oil  seem  to  hav  e main  problems  m the  characteristics  o I |'i  opag.it  ion  ot  suit  ace  vv  av  e in  v on  i ai  ray  W In  don  t v ou 
use  thinner  metallic  dots'’ 

Author's  Keplv 

I he  icason  is  that  vve  want  lv>  mmuni/c  the  insertion  loss  It  vve  have  thin  metallic  dots  the  dispersion  is  less,  the 
amount  ot  compensation  is  less,  but  the  insertion  loss  is  higher 

I do  not  expect  that  the  dispersion  is  more  significant  than  m retlcctivc  groove  devices 

M Butler 

I he  dispersive  characteristics  that  you  have  shown  have  between  50  and  t>0  db  insertion  loss  and  you  have  not 
included  compensation  for  metal  thickness  l an  vou  toresec  an  improvement  toi  such  a device  up  tv'  oO  oi  as  db 
Would  vou  not  expect  it  Iv'  be  veil  sensitive  to  metal  thickness  ol  the  maleiial  ’ It  so.  could  not  the  control  ot 
metal  thickness  be  too  demanding'.’ 

Author’s  Keplv 

I he  insertion  loss  tor  the  transducers  vv  Inch  were  untuned  account  for  5"  db  I he  ret  led  ion  loss  added  giv  es  a " db 
total  loss,  slightly  under  10  db  pc  array  W it h tuned  transducers  the  insertion  loss  could  be  reasonable 


\s  reg.uds  control  of  metal  thickness,  vve  leel  that  it  can  be  obtainable 


INFLUENCE  DE  L'ACCELERATION  SUR  DES  OSCILLATEURS 
A ONDES  ACOUSTIQUES  DE  SURFACE 


par  Michel  VALDOIS*.  Patrick  LEVESQUE*.  Pierre  HAHTEMANN*' 

* Office  National  d' Etudes  et  de  Recherches  Airospat  tales  (ONER A) 
92320  ChStiUon  France 

*' Thomson  CSF  Laboratoire  Central  de  Recherches.  91401  Or  say  France 


L' influence  de  (‘acceleration  sue  dts  oscillateurs  utilisant  une  ligne  a retard  ou  un  resonateur  a ondes  elastiques 
de  surface  a ete  etudiee  dans  une  plage  setendant  de  0 a 30  g Les  oscillateurs  a ondes  de  surface  ont  ete  disposes 
sur  un  bras  rotatif  de  vitesse  variable 

Les  substrats  pie/o  electr iques  utilises  sont  en  quart/  de  coupe  ST  et  Y Plusieuts  directions  deceleration 
ont  ete  experimentees.  La  deviation  de  frequence  due  a T acceleration  est  en  premiere  approximation  une  fonction 
i neaue  de  I'amplitude  de  l‘ acceleration  Par  exemple  une  deviation  de  frequence  d'environ  10  H/  g (g  - 9,81  m s'  ) 
a 105  MH/  a ete  mesuree  pour  un  oscillateur  a ligne  a retard  en  quart/  de  coupe  ST  lorsque  la  direction  d’appli- 
ition  de  I' acceleration  est  parallele  a celle  de  propagation  des  ondes  de  surface.  De  meme,  une  direction  de  plus 
faible  sensibilite  a ete  observee.  pour  laquelle  la  sensibilite  est  inferieure  A 1 H/  g. 

Des  resultats  similaires  ont  ete  trouves  pour  un  oscillateur  a ligne  a retard  en  quart/  de  coupe  Y Avec  un 
resonateur  a ondes  de  surface  consutue  de  deux  tfjnsducteurs  deposes  dans  une  cavite  definie  par  deux  reseaux 
penodiques  ref lechissants.  la  sensibility  maxim.ile  est  de  48  H/  g a 124  MH/  pour  une  direction  deceleration 
approximativement  perpendiculaire  a la  suiface  de  propagation. 

Ces  resultats  montrent  que  les  oscillateurs  a ondes  elastiques  de  surface,  sous  leur  forme  actuelle,  sont  beau 
coup  plus  sensibles  i\  ('acceleration  que  les  oscillateurs  a ondes  de  volume  Le  rapport  d’augmentation  de  la  sensi 
bilito  relative  est  de  I’ordre  de  100 


♦ 

INFLUENCE  OF  ACCELERATION  ON  SURFACE  ACOUSTIC  WAVE  OSCILLATORS 

The  influence  of  acceleration  on  oscillators  using  a delay  line  or  a resonator  with  Surface  Acoustic  Waves 
has  been  studied  in  the  0 30  g range  The  surface  wave  oscillators  were  installed  on  a variable  speed  rotating 

arm. 

The  piezoelectric  substrates  used  are  in  quart/  of  ST  and  Y cut  Several  directions  of  acceleration  were 
experimented  The  frequency  shift  due  to  acceleration  is,  as  a first  approximation,  a linear  function  of  the  acce 
leration  magnitude  For  example,  a frequency  shift  of  about  10  H/  g(g  9 81  m s;)  at  105  MH/  has  been  measuied 
on  a delay  line  oscillator  of  ST  cut,  when  the  acceleration  direction  is  parallel  to  that  of  surface  wave  propagation. 
In  the  same  manner,  a direction  of  lower  sensitivity  has  been  observed,  for  which  sensitivity  is  lower  than  1 Hz  g 

Similar  results  have  been  found  on  a delay  line  oscillator  in  quartz  of  Y cut 

With  a surface  wave  resonator  made  of  two  transducers  placed  in  a cavity  defined  bv  two  periodic  reflecting 
networks,  the  maximum  sensitivity  is  48  H/  g at  124  MHz  for  an  acceleration  direction  perpendicular  to  the 
propagation  surface. 

These  results  show  that  the  acoustic  surface  wave  oscillators,  in  then  present  form,  are  much  more  sensitive 
to  acceleration  than  the  volume  wave  oscillators.  The  ratio  of  relative  sensitivity  increase  is  of  the  otdei  of  100 


1 - INTRODUCTION 

L'interSt  pour  les  oscillateurs  k ondes  61as- 
tiques  de  surface  a dtd  trus  grand  depuis  quelques 
annees,  car  ces  oscillateurs  fonctionnent  k trcs 
hautes  frequences  fondamontales . 

Cependant  leurs  caractdrist iques  ne  sont  pas 
encore  complctement  d£finies.  Pour  certaines  applica- 
tions adrospatiales , il  est  important  de  connaltre 


leur  comportement  en  presence  d 'acceleration  statique 
Certains  resultats  expdrimentaux  rdcents,  concemant 
l1  influence  de  1 'acceleration  sur  les  oscillateurs  5 
ligne  k retard  ou  ?i  resonateur  k ondes  elastiques  de 
surface,  sont  publics  dans  cet  article.  Aprvs  une 
description  des  mdthodes  de  m sure  utilisdes,  des 
resultats  d 'experiences  portant  sur  des  oscillateurs 
k ligne  k retard  en  quartz  de  coupe  ST  et  Y,  et  des 
oscillateurs  k resonateur  en  quartz  de  coupe  ST  sont 
donnds . 
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2 - METHODES  DE  MESURE 

l.e  dispositil  A ondes  de  surface  et  son  anipli- 
licateur  de  rebouclage  sont  enfermds  dims  unc  enceinte 

A vide  ( iO  nbar  , thermiquement  isolde  dans  le  cas 
de  quartz  de  coupe  ST,  pour  obtenir  une  me i lieu re 
stability  do  temperature.  En  el  let,  la  temperature  du 
.oint  de  renversement  de  la  caractdrist ique  trdquence- 
t crap drat u re  est,  pour  la  coupe  dtudide,  situde  aux 
environs  de  20'  C ou  la  thermoregulation  est  trCs 
ditlieile  I.orsquc  celt*’  temperature  est  comprise  en* 
t re  .0"  C et  100°  C,  les  dispositiis  acoustiques  sont 
disposes  dans  un  thermostat  qui  stabilise  la  lemp'ra- 
ture  avec  une  precision  de  0,1°  C.  Les  oscillateurs 
sont  fixds  sur  un  bras  toumant  montrd  sur  la  figure 
l,  A i,r)  m de  l’axe  de  rotation.  I. 'amplitude  de  1 'ac- 
cdldrat on  est  ajustde  par  variation  de  la  vitesse 
de  rotation.  Un  contacteur  toumant  VHF  est  utilise 
pour  transraettre  le  signal  de  1 'osci llateur  aux 
appareils  de  me sure. 


Fig  I Hr. is  rotatif  utilist ‘ pour  a pp  liquor  i/os  accelerations  centri- 

fuges- La  longueur  utile  du  bras  est  de  7.5  rn. 

Deux  radthodes  de  mesure  ont  dtd  employees.  La 
premiere  consiste  A mesurer  directeraent  les  varia- 
tions de  frequence  qui  sont  raises  en  radmoxre  dans  un 
calcuiateur.  La  precision  absolue  de  mesure  dans  ce 
cas  est  de  1 Hzpour  un  temps  de  comp t age  d'une  secon- 
der Cette  precision  a dtd  omdliorde  par  une  deuxiCme 
mdthode  qui  consiste  A asservir  la  frdquence  d'un  syn- 
thdtiseur  sur  la  frdquence  du  signal  A mesurer.  Le 
schdma  de  principe  est  donnd  figure  2. 
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> * RESULTATS  EXPERIMENTAL)  X 

Les  comporLements  de  deux  oscillateurs  A ligne 
A retard  utilisant  des  substruts  en  quartz  de  coupe 
ST  et  Y ont  dtd  d'abord  dtudids  (figure  >),  puis  celui 
d'un  oscillateur  A resonateur  en  quartz  coupe  ST. 

Dans  tous  les  cas,  les  substrats  ont  dtd  col Ids  avec 
unc  rdsine  dpoxy  sur  le  fond  d'un  boitier  mdtallique, 
pour  pouvoir  supporter  de  fortes  accdldrat ions 


F>g  3 Orientation  cristallographique  de  la  coupe  ST 


. 1 . - Ligne  A retard  en  quartz  coupe  ST 

La  ligne  est  constitude  de  trois  transducteurs 
en  peignes  (figure  4).  Deux  v’.e  ces  transducteurs  sont 
dchant illonndsOlARTEMANN  P,  1971),  et  servent  A 1 'os- 
cillation, le  troisii-me  perraettant  de  prdlever  le 
signal.  Les  deux  transducteurs  dchant illonnds  sc  cora- 
posent  de  transducteurs  dldmentaires  comportant  trois 
dents  de  7 , 5 Jim  de  large.  La  distance  entre  2 dldments 
adjacent s est  dgale  A 5 longueurs  d 'ondes  acoustiques 
pour  un  de  ces  transducteurs  et  A 7 longueurs  d 'ondes 
pour  1 'autre.  Le  nombre  d 'dldments  est  de  90  pour  le 
transducteur  dmetteur  et  65  pour  le  rdeepteur.  Les 
pertes  d' insertion  entre  ces  deux  transducteurs  sont 
de  12  dll  A 105,2  MHz  avec  une  bande  passant e A 3 dB 
de  100  kHz.  Le  retard  est  de  4,67  ^is  . L'amplifica- 
teur  dont  1 'utilisation  est  necessaire  pour  rdaliser 
un  oscillateur  (LEWIS,  MF,  19)  est  connectd  entre 
ces  deux  transducteurs,  le  transducteur  central  dtant 
1 'dmetteur.  Le  troisidrae  transducteur.de  structure 
convent ionncllc,  est  utilisd  pour  coupler  la  boucle 
d 'oscillation  au  circuit  extdrieur.  Il  esc  constitud 
de  150  dents,  et  la  perte  d 'insertion  entre  le  trans- 
ducteur central  et  ce  troisidme  transducteur  est  de 
11,5  dB.  Cet  oscillateur  prdsente  de  bonnes  caractd- 
ristiques  spectrales  de  bruit  de  phase  comme  le  montre 
la  figure  5.  A 10  kHz  de  la  frdquence  nominale,  le 
niveau  du  palier  de  bruit  de  phase  est  de  - 155  dB/Hz. 

Les  accdldrations  ont  dtd  appliqvdes  dans  trois 
plans  orthogonaux  associds  au  substrat  : X'OZ',  Y'OZ', 
X'OY',  X'  dtant  la  direction  de  propagation  parall^le 
A l'axe  cristallographique  X ,et  Y'  l'axe  orthogonal  du 
substrat . 

Pour  une  accdldration  d' amplitude  constante  de 
5 g,  les  ddviations  maximales  de  frdquence  enregis- 
trdes  dans  les  plans  X'OZ',  Y'OZ'  et  X'OY'  sont  res- 
pectivement  dc  60  Hz  (12  Hz / g)  , 80  Hz  (16  Hz  / g) 

50  Hz  (10  Hz / g)  so  it  en  valeurs  relatives  1.14  10  fg 

l,52.1o'i * * * * * 7/y,  9.50.10"8/,;. 

Pour  une  direction  donnde  quelconquc,  la  varia- 
tion de  frdquence  est  sensiblement  pioport tonne  lie  A 
1 'amplitude  de  1 'accdldrat ion  appliqude.  A titre 
d'cxemplc,  la  figure  6 reprdsente  ces  variations  de 
frdquence  observdes  pour  la  direction  X'  et  dans  une 
plage  de  25  g pour  laquelle  la  sensibilitd  relative 

.g 

.-.’oyenne  est  de  l'ordre  de  8,75.10  !g. 
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ioniquement  dans  du  quart z coupe  ST  UIAHTOIANN , \\ 

Id  S',  i figure  7).  l.ea  pertes  d'inaerCion  d la  fre- 
quence cent  tale  do  1 2 *♦ » • ♦ MHa  sout  de  dll.  l.e  point 
de  renveraemont  de  la  caractdr  iat  ique  ir<5quence- 
tempo  ratine  eat  de  4S*  C,  car  cette  temperature  eat 
augment  ye  p *r  suite  dea  diets  vie  1 1 implant  at  ion 
d 1 iona 


On  constate  que  la  course  eat  ai teethe  par  une 
non- 1 indarity  pour  dea  accelerations  croiaaantea  I. a 
sensibility  relative  pour  une  acc£ l£rat ion  iniv'rieuie 

& 10  g eat  de  1 'ordre  de  i,  I .it'  / g et  d^crolt  d 

•','.10  /y  de  <0  d ‘,0  g.  Dea  esaaia  comp  KSueni  al  i t*t» 
de  retoumements  out  permia  d 'enregiat  rei  continue* 
ment  la  variation  de  tr^quence  en  tonction  vie  1 'angle 
que  tait  la  direction  de  1 'acceleration  avec  une 
direction  quelconque  du  criatal.  Pat  exentple,  l'ac* 
cv'iytat  ion  a *5 1 y appliqu^e  dant  un  plan  perpendicu- 
laire  ju  aubst  rat  et  iaiaant  un  angle  de  >0*’  avec  la 
direction  de  propagation  X'  l figure  9'.  Dana  ce  plan, 
la  variation  de  frequence  eat  une  tonction  ainuaotdale 
de  l'anglc  que  tait  1 ' acc£ ldrat ion  avec  la  normale  au 
subatrat,  comae  le  non  t re  la  figure  10  , il  exiate 
done  une  direction  pour  iaquelle  la  variation  de 
trdquence  eat  nulle  iValdoia,  M,  1977  >.  l.a  valeur 
(uaximale  de  la  sensibility  eat  de  '»8  H z/g,  soil 

J ,86.10  /y,  et  eat  trvsa  proche  de  la  direction  de 

sensibility  maxi mum  maximorum. 


lp/ificatevr 


fig  / Vue  Ju  resonatetu  d unties  e/astupies  tie  surf, we 


La  sensibility  accy ly romy t r ique  a yty  ytudide 
dona  une  direction  donnde,  pour  ditiyrentes  amplitudes 
d ' accdiyrat ion  Juaqu'd  *0  g.  Cette  direction  fait  un 
angle  de  !*>*  avec  l'axe  Y'  et  la  variation  vie  fre- 
quence ryaultante  est  repry sen t*5e  figure  8. 
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fig  9 Representation  Ju  plan  et  tithe  en  acceleration  pour  le 
resonateui  d unties  de  surface 
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DISCUSSION 

P.Carr 

Have  you  attempted  to  decrease  the  vibration  sensitivity  of  your  device  by  increasing  the  thickness  of  your  slide  or 
mounting  technique?  Have  you  tried  to  exploit  tins  feature  of  the  SAW? 

Reponse  d* Auteur 

J’ai  parle  de  sensibilite  aux  accelerations  statiques  et  non  aux  vibrations. 

I n cc  qui  concerne  la  seconde  question  nous  jouons  stir  la  configuration  du  systeme  pout  rechercher  les  meilleures 
dispositions. 

P.TournoLs 

I n vibrations  Hughes  Aircratt  a public  des  resultats  ou  la  sensibilite  des  ondes  de  surface  (resonaleur  en  partieuher) 
aux  vibrations  est  mlerieure  a celle  des  ondes  de  volume.  Vous  montrez  maintenant  que  la  sensibilite  aux 
accelerations  est  superieure  a celle  des  ondes  de  volume.  A quelle  frequence  doit-on  trouver  I’egalile? 

Reponse  d' Auteur 

On  ne  connait  pas  encore  d’eerans  accelerations  statiques.  e’est  la  raison  pour  laquelle  nous  avons  commence  par 
elles.  Nous  continuerons  par  les  vibrations  et  nous  vous  communiquerons  les  resultats 

Maerfeld 

Avez  vous  une  explication  physique  a cettc  sensibilite  observer? 

Reponse  d’ Auteur 

Nous  n 'avons  pas  encore  d’explications  physiques. 

Nous  attendons  des  resultats  d’etudes  theoriques  en  count  a HI  iSANl’ON  et  a I’ONb  KA  pour  voir  si  elles 
correspondent  aux  observations. 

Ioutetois  il  y a tin  point  tres  dehc.it  e’est  la  transformation  des  accelerations  en  force  par  lintemiediaire  de  I'ancrage 
des  substrats  sur  leurs  supports. 

E. Stern 

Was  the  crystal  attached  to  substrate  at  every  point  of  interface  with  epoxy? 

Could  this  contribute  to  frequency  sensitivity,  due  to  differences  in  elasticity  of  crystal  and  substrate? 

Reponse  d'Auteur 

Le  vnst.il  est  colie  a I ’aide  dune  resine  epoxy  sur  toute  sa  surface  de  base.  Une  pression  est  exercee  an  moment  du 
collage  afin  de  repartir  uniformement  la  colic,  mais  aucun  contrdle  de  cette  repartition  n’a  etc  effectue. 

Les  conditions  de  fixation  du  cristal  de  quart/  sur  le  support  definissent  des  contraintes  en  tout  point  de  celui-ci.  qui 
varient  pour  un  ineine  quartz  en  fonction  des  parametres  suivants: 
forme  et  nature  du  support 
interface  cristal/support. 

bn  ettet.  seulcs  les  variations  des  contraintes  peuvent  e t re  retenues  pour  expliquer  la  sensibilite  de  frequence  compte 
tenu  que,  pour  un  cristal  de  3 mm  d’epatsseur,  les  contposanles  des  deplacements  sont  negligeables  an  niveau  de 
I’intertace  cristal/support.  bn  consequence,  toute  variation  des  conditions  de  fixation  du  cristal  sur  le  support 
entraine  une  modification  des  contraintes  et  de  leur  repartition,  et  des  coefficients  elastiques  determinant  la  vilesse 
de  propagation  de  I'onde.  D’autres  types  de  supports  sont  actuellement  a 1’etude  afin  de  modeliser  I'intlucncc  de 
tels  parametres  sur  les  sensibilites  accelerometriques. 
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TUNABLE  MAGNETOELASTIC  SURFACE  WAVE  OSCILLATORS 


G.  VOLLUET 

THOMSON-CSF  Research  Center 
Doniaine  de  Corbeville  - 91401  Orsay  ( France  ) 


SUMMARY 


A new  technique  for  achieving  the  frequency  control  of  S.A.W.  oscillators  with  an  external  magnetic 
field  has  been  experimented.  Magnetoelastic  Rayleigh  wave  delay  lines  using  ZnO  transducers  have  been 
fabricated  with  Gd-Ga  Y.I.G.  epitaxial  films  grown  on  G.G.G.  substrates.  An  important  phase  velocity 
shift  has  been  obtained  as  a function  of  an  external  biasing  magnetic  field  through  a magnetoelastic 
interaction.  Feedback  oscillators  have  been  implemented  using  this  kind  of  delay  lines.  Then  a frequen- 
cy change  up  to  1650  ppm  around  211.5  MHz  and  1800  ppm  around  339.5  MHz  has  been  obtained  by  sweeping 
a biasing  magnetic  field  over  a 70  Oe  range. 

1.  INTRODUCTION 

Over  the  past  few  years,  there  has  been  a growing  interest  in  surface  acoustic  wave  (S.A.W.)  oscillators. 
For,  the  fundamental  frequency  of  bulk  wave  resonators  obtained  by  conventional  technique  is  limited  to 
about  40  MHz,  whereas  S.A.W.  delay  lines  can  operate  over  a greater  frequency  range  (up  to  2 GHz).  Gene- 
rally a S.A.W.  oscillator  consists  of  a loop  containing  a delay  line  and  an  amplifier.  An  important 
feature  of  oscillators  is  their  frequency  modulation  capability.  But  with  conventional  S.A.W.  delay  line 
the  delay  and  the  frequency  response  of  the  line  are  constants  and  cannot  be  continuously  changed.  How- 
ever the  frequency  modulation  has  been  achieved  by  inserting  a phase  shifter  in  the  loop  (LEWIS,  M.F., 
1974).  With  such  a technique,  the  oscillator  operates  at  frequencies  more  or  less  far  from  the  centre 
of  the  frequency  response  of  the  delay  line.  From  this  point  of  view  it  would  be  better  to  modify  the 
velocity  along  the  acoustic  path,  then  the  delay  and  the  frequency  response  would  vary  together.  This 
is  achieved  using  the  new  method  described  in  this  paper. 

Recently  a magnetic  control  of  the  acoustic  velocity  on  LiNbOg  has  been  obtained  by  depositing  a maqne- 
tostrictive  thin  nickel  film  (GANGULY,  A.K.  et  al . , 1975).  A relative  phase  velocity  shift  of  2. 10'^  at 
210  MHz  was  measured  in  this  case.  It  has  been  shown  theoretically  (PAREKH,  J.P.  et  al.,  1976)  that  new 
"giant  magnetostrictive"  rare-earth  iron  compounds  (such  as  Tb.^  Dy.73  Fe2)  could  give  stronger  disper- 
sive effects.  However,  the  acoustic  attenuation  is  drastically  increased  with  such  conductive  materials. 
One  can  think  to  overcome  this  limitation  by  the  use  of  non-conductive  magnetic  garnets.  A first  expe- 
riment was  conducted  with  bulk  garnet  (LUNDSTR0M  ,M.S.  et  al . , 1974).  Unfortunately  the  internal  magne- 
tic field  in  this  geometry  is  not  uniform.  This  effect  limits  the  interaction  zone,  then  the  relative 
phase  shift  is  weak. 

A quite  different  structure  to  keep  out  of  this  trouble  is  reported  in  this  paper.  The  acoustic  propa- 
gating medium  is  an  epitaxial  magnetic  garnet.  When  a magnetic  field  is  applied  in  the  plane  of  the 
film,  the  absence  of  demagnetizing  effects  leads  to  strong  interaction  all  over  the  acoustic  path,  then 
a maximum  phase  shift  can  be  obtained. 

The  first  part  of  this  paper  describes  the  structure  of  the  magnetoelastic  delay  line.  In  the  second 
part  results  about  phase  delay  variations  are  given  and  the  best  geometry  to  obtain  strong  dispersion 
is  discussed.  In  the  final  part  prelimenary  results  about  oscillator  frequency  shift  versus  magnetic 
field  are  reported. 

2.  EXPERIMENTAL  RESULTS  AND  DISCUSSION 

2.1.  Magnetoelastic  delay  line 

A schematic  of  the  experimental  arrangement  of  the  magnetoelastic  delay  line  is  shown  in  figure  1.  The 
acoustic  propagation  medium  is  a (1,1,1)  doped  Yttrium-Iron-Garnet  (Y.I.G.)  film  grown  on  a non-magne- 
tic  substrate  of  gallium-gadolinium-garnet  (G.G.G.)  by  the  liquid  phase  epitaxy  process.  Gallium  and  ga- 
dolinium are  substituted  in  Y.I.G.  to  obtain  the  so-called  <<easy-plane-fi lm"  (the  composition  in  this 
case  is  Gd.45  12  .55  Ga.g  Fe4.1  0 32 ) -This  material  has  a cubic  symmetry. The  stress  induced  by  the  epita- 
xy ( a compression  in  this  case)  forces  the  magnetization  to  lie  in  the  film  plane  by  theway  of  ma- 
gnetostriction. Then,  the  film  can  be  magnetically  saturated  in  its  plane  by  a weak  external  field.  A 
sputtered  piezoelectric  zinc  oxide  layer  and  conventional  interdigital  transducers  are  used  to  launch 
and  receive  acoustic  surface  waves . Then  magnetoelastic  interactions  were  controlled  by  an  external  bia- 
sing magnetic  field  ff. 

Two  devices  working  at  different  frequencies  have  been  tested.  The  first  one  (device  Nol  ) has  been 
fabricated  with  a 25  urn  thick  Gd-Ga  Y.I.G.  (1,1,1)  film.  A 2 pm  thick  ZnO  layer  has  been  removed  bet- 
ween the  interdigital  transducers  to  decrease  acoustic  losses.  The  acoustic  propagation  was  chosen  along 
the  <1,1,S>  direction  and  the  frequency  has  been  close  to  211  MHz.  Then  the  insertion  loss  have  been 
18  dB  with  tuned  transducers  at  magnetic  saturation  and  the  delay  has  been  3.7  ps.  The  Gd  - Ga  Y.I.G. 
(1,1,1)  film  thickness  has  been  9 pm  and  the  surface  wave  propagation  has  been  along  --1,1,0'  in  the  de- 
vice No2.  With  1 pm  thick  ZnO  layer  and  an  acoustic  wavelength  of  10  pm,  the  centre  frequency  and  the 
insertion  loss  have  been  339.9  MHz  and  22  dB  respectively  for  a 1.B6  ps  delay.  In  order  to  obtain  a 
better  efficiency  with  the  configuration  of  device  No2,  the  ZnO  thickness  would  be  1.5  pm  according 
to  the  theoretical  prediction. 
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An  external  magnetic  field  has  been  applied  In  the  plane  of  the  film.  The  direction  and  the  intensity 
of  the  biasing  field  controls  the  magnetoelastic  interactions  between  the  Rayleigh  wave  and  the  magnetic 
fi  lm. 


2.2.  Phase  shift  measurement 

The  variations  of  the  phase  delay  as  a function  of  the  biasing  magnetic  field  have  been  measured.  These 
variations  have  been  determined,  the  field  being  slowly  decreasing.  The  phase  velocity  shift  of  the  de- 
vice Nol  for  different  field  directions  is  shown  in  figure  2.  The  maximum  of  the  shift  can  only  be  ob- 
tained with  a well  defined  magnetic  field  direction  which  is  a <1,1, 0>-  type  direction,  the  nearest  of 
the  acoustic  propagation  U.  There  are  four  equivalent  field  directions  in  device  Nol  which  are  30 
and  + 150°  off  the  k‘  direction.  Results  are  similar  for  each  one  of  these  directions.  The  maximum  phase 
shifT  is  rapidly  decreasing  when  the  field  direction  varies  from  a <1,1,0>  - type  direction  as  shown 
in  figure  2.  For  the  device  Nol,  with  the  best  configuration,  the  measured  relative  phase  velocity  shift 
(AV/V)  is  about  3.10'5  when  the  magnetic  field  is  swept  over  55  Oe  - 120  Oe. 

Associated  to  this  phase  shift  there  is  an  increase  in  acoustic  attenuation.  Theses  variations  are  given 
in  figure  3 for  device  Nol  (solid  line  curve);  the  reference  level  is  the  acoustic  signal  at  high  magne- 
tic field  value.  An  extra-attenuation  for  the  surface  acoustic  wave  (more  than  30  dB)  has  been  measured 
between  25  Oe  and  55  Oe.  Such  an  attenuation  has  been  explained  by  some  leaky  character  of  the  acoustic 
wave  according  to  calculations  performed  with  a simpler  configuration  ( PAREKH,  J.P.,  et  al.,  1974). 

The  relative  phase  velocity  shift  has  been  plotted  in  the  same  figure  (dashed  curve). 

Experiment  conducted  with  device  No2  has  shown  greater  total  phase  velocity  shift  : about  5.5  10’3 
for  a 40  Oe  to  120  Oe  field  variation  as  shown  in  figure  4 (dashed  line  curve).  In  this  case  the  best 
magnetic  field  direction  is  along  the  acoustic  propagation  : <1,1, 0>.  A similar  increase  of  the  acous- 
tic attenuation  has  also  been  observed. 

With  such  a symnetry  ((1,1,1)  film  plane)  and  taking  into  account  the  magnetocri stal 1 ine  anisotropy, 
exact  analysis  leads  to  untractable  calculations.  However  to  get  an  insight  by  a simple  way  into  the 
conditions  for  obtaining  the  stronger  interaction,  an  effective  magnetic  field  has  been  associated  with 
the  Rayleigh  wave  through  the  magnetoelastic  energy  density  (V0LLUET,  G. , etal  .,  1976).  Moreover  gyro- 
magnetic  resonances  can  be  measured  and  calculated  as  a function  of  the  biasing  field  for  different  di- 
rections. Then  two  conditions  need  to  be  satisfied  to  get  a strong  interaction.  First  a gyromagnetic  re- 
sonance must  exist  at  the  expected  frequency  for  the  considered  biasing  field  direction.  Second,  the 
effective  magnetic  field  must  be  important  to  efficiently  excite  this  resonance.  The  experimental  re- 
sults are  in  good  agreement  with  the  above  hypothesis. 

2.3.  Oscillator  characteristics 

These  delay  lines  have  been  used  to  implement  S.A.W.  oscillators  as  shown  in  figure  1.  When  the  ampli- 
fier gain  is  greater  than  the  insertion  loss, the  oscillator  operates  at  a frequency  (f)  which  satisfies 
the  well  known  condition; 

2 i f y-  +$£=2nn(n  integer) 

where  l is  the  pathlength  between  transducers,  V the  acoustic  phase  velocity,  the  electrical  shift 
associated  to  the  amplifier  and  the  matched  transducers. 

The  measured  phase  velocity  shift  (A  V/y)  with  a biasing  magnetic  field  can  be  used  to  shift  the  oscil- 
lator frequency  by  Af  such  that  : 

Af  AV 
T * T 

Then  it  is  possible  to  change  the  frequency  and  always  to  operate  at  the  centre  frequency  of  the  trans- 
fert  function.  The  frequency  response  of  the  delay  line  No2  for  different  magnetic  field  values  is 
shown  in  figure  5.  The  magnetic  control  of  the  band-pass  centre  can  lead  to  good  working  conditions 
fora  tunable  oscillator  with  a relatively  long  delay  line. 

The  spectrum  of  the  wave  transmitted  by  the  oscillator  is  shown  in  figure  6-a.  When  the  magnetic  field 
is  varied,  the  spectral  response  is  always  clean  but  the  frequency  is  shifted  as  shown  in  the  second 
picture  (figure  6-b).  The  field  has  been  swept  for  obtaining  a shift  over  300  KHz  with  oscillator  No2. 

The  large  phase  velocity  variation  cannot  be  entirely  used  due  to  the  extra  acoustic  attenuation 
(figures  3 and  4).  To  partly  overcome  this  effect,  the  amplification  was  greater  than  the  insertion  loss. 
Good  operating  conditions  have  been  obtained  with  8 dB  excess  of  gain  for  oscillator  Nol  and  10  dB  excess 
for  oscillator  No2.Then  one  can  hope  to  have  a frequency  change  of  1900  ppm  and  2200  ppm  respectively 
(figure  3-4).  Measurements  have  been  done  starting  from  a high  magnetic  field  value  ( x 140  Oe)  and 
slowly  decreasing  the  field.  Results  are  shown  in  Fig.  7 and  8 for  oscillators  Nol  and  No2  respectively 
The  general  behaviour  is  like  the  same  for  these  two  devices.  The  measured  total  frequency  shift  of  the 
oscillators  have  been  respectively  about  350  KHz  and  620  KHz.  It  corresponds  to  a relative  value  of  1650 
ppm  over  a field  range  of  65  Oe  - 125  Oe  with  oscillator  Nol  and  1800  ppm  over  a field  range  47  Oe  - 
125  Oe  with  oscillator  No2.  These  quantities  are  slightly  lower  than  the  predictions  because  it  needs  a 
weak  excess  of  gain  to  operate  correctly. 

Magnetic  materials  are  general ly  influenced  by  temperature  variations,  mainly  by  the  change  in  magnetiza- 
tion and  anisotropy  constant.  To  characterize  the  behaviour  of  the  oscillator  with  temperature,  the  fre- 
quency drift  of  device  No2  has  been  measured  over  10°C  - 80“C.  In  this  experiment,  the  oscillator  was 
operating  at  zero  magnetic  field  to  avoid  some  secondary  effects  due  to  magnetic  field  shift  with  tem- 
perature. A linear  variation  of  frequency  of  -53  ppm  have  been  measured. 


3.  CONCLUSION 

The  ability  to  control  the  phase  velocity  of  surface  acoustic  wave  delay  line  is  very  important  for 
further  development  of  tunable  S.A.W.  oscillators.  New  technique  is  described  in  this  paper  for  magne- 
tically controlling  the  phase  velocity  of  Rayleigh  wave. Two  devices  have  been  experimented  atdifferent 
frequencies.  A frequency  change  up  to  1800  ppm  has  been  measured  with  only  70  Oe  for  the  magnetic  field 
variations. 

In  such  devices,  a large  frequency  s . i ft  can  be  obtained  with  a long  delay  oecause  the  relative  fre- 
quency change  is  equal  to  that  of  the  phase  velocity,  then  the  variations  are  independant  of  the  acous- 
tic path  length.  Moreover  the  oscillating  mode  frequency  is  always  at  the  centre  of  the  frequency  res- 
ponse of  the  line  and  mode  hopping  can  be  avoided. 

Although  magnetoelastic  properties  of  Gd  - Ga  Y.I.G.  are  relatively  weak,  an  important  phase  velocity 
shift  has  been  measured.  A noticeable  increase  of  this  effect  could  be  probably  obtained  with  more  ma- 
gnetostrictive  thin  garnet  films.  For  exemple  bulk  Tb  doped  Y.I.G.  are  known  to  have  stronger  magnetos- 
triction coefficients  at  room  temperature.  Then  epitaxial  films  of  such  a composition  would  be  a more 
suitable  propagating  medium  for  increasing  the  phase  velocity  shift. 
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RELATIVE  PHASE  VELOCITY  SHIFT  (x  10" 


Figure  2 - Relative  phase  velocity  shift  as  a function  of  the  applied  fieiu  .or  different  field  orien- 
tations (device  Nol) 
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Figure  3 - Acoustic  attenuation  (solid  line)  and  phase  velocity  shift  (dashed  line)  as  a function  < 
an  in-plane  magnetic  field  - (device  No 1 ) 
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Figure  4 - Acoustic  attenuation  (solid  line)  and  phase  velocity  shift  (dashed  line)  as  a function  of 
an  in  plane  magnetic  field  - (device  No2) 
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Figure  5 - Frequency  response  of  the  delay  line  No2  for  three  different  values  of  the  magnetic  field. 
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DISCUSSION 


P.Carr 

Have  you  observed  any  non-reciprocal  surface  accouslic  wave  due  to  the  magnetic  film? 

Repo  use  d’  Auteur 

II  a ete  montre  recemntent  que  I’on  a affaire  a des  phenomenes  non  reciproques 

Voles 

How  reproducible  are  you  expecting  this  material  to  be? 

Reponse  d' Auteur 

Ces  etudes  sonl  a leur  debut  Les  mconvements  sont  Ires  importanls  Fortes  derives  en  temperature,  fortes  pertes 
d’insertion  + On  envisage  evertuellement  des  modifications  des  substruts.  II  est  possible  que  I’on  obtienne  des 
resultats  plus  satisfaisants  dans  un  proche  avenir.  On  peut  obtenir  une  variation  de  vitesse  a I'aide  d'uii  champ 
exterieur. 

E.Stern 

Could  you  contrast  the  potential  advantages  of  your  technique  with  Vl(i  film  resonators? 

Reponse  d' Auteur 

Je  ne  peux  pas  faire  de  comparaison  n’etaienf  pas  specialists’  de  magnetisme.  C’est  un  plienomene  nouveau, 
mais  pour  le  moment  les  inconvenients  sont  superieurs  aux  avantages.  Ceci  peut  changer  prochainement. 

Comment  E.Stern 

J'ai  essaye  il  y a plusieurs  annees  de  prospecter  cede  voie  mais  je  n'ai  pas  reussi. 
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SUMMARY 

Ihe  adoption  of  a 2-phase  technology  for  fabricating  charge  coupled  devices  <an  result  in  a significant 
reduction  in  system  complexity  due  to  simplified  clock  driving  regul rements . There  are  several  different 
techniques  available  for  achieving  2-phase  operation  and  in  this  paper  sivne  of  these  will  be  discussed  and 
compared. 

Directionality  of  charge  transfer  in  a 2 phase  device  is  obtained  by  incorporating  asynmetry  Into  the 
potential  profile  under  each  electrode.  Ihis  can  be  achieved  in  a number  of  different  ways  but  the  most 
comnon  techniques  are  the  use  of  a stepped  oxide  structure,  implanted  barriers  or  a combination  of  both. 
Although  the  stepped-oxide  technique  has  been  most  widely  used  so  far,  it  is  likely  that  the  Implanted 
barrier  solution  will  eventually  be  preferred  since  it  can  be  used  with  both  surface  and  buried  channel 
technologies  and  is  directly  compatible  with  industry  standard  MOS  processes. 

Ihe  simplification  in  the  clock  driving  electronics  required  for  2 phase  compared  with  3-phase  devices 
results  partly  from  the  reduced  number  of  clock  phases,  but  more  significantly  from  their  relative  insens- 
itivity to  the  driving  waveforms.  Overlapping  or  non-overlapping  2-phase  ilmks  with  fast  or  slow  edges 
can  be  used  and  a further  simplification  can  be  achieved  by  holding  one  clock  phase  at  an  intermediate 
D.C.  potential.  This  mode  of  operation  called  "1.1/2-phase  clocking"  results  in  only  one  clock  phase 
being  required  for  charge  transfer.  Techniques  have  also  been  developed  to  enable  the  charge  injection 
ami  sensing  functions  to  be  performed  using  the  same  clock  phase,  thereby  resulting  in  devices  requiring 
only  a single  clock  for  all  operations.  This  simple  clock  driving  requirement  results  in  much  higher 
operating  speeds  being  possible  in  practical  signal  processing  systems. 

In  this  paper  the  performance  of  2 phase  CCD's  fabricated  witli  a coplanar,  N-channel , double-level  poly- 
silicon gate  process  will  be  described  and  compared  with  theoretical  predictions.  Factors  such  as  charge 
transfer  Inefficiency  and  thermal  leakage  will  be  discussed  and  compared  between  devices  fabricated  with 
stepped-oxide,  implanted  barriers  and  offset-gate  structures.  A comparison  between  surface  and  buried 
channel  devices  will  also  be  made. 

1.  INTRODUCTION 

One  of  the  principal  problems  with  CCD  devices  has  been  the  complex  and  critical  drive  requirements.  In 
many  cases,  three  or  more  clock  phases  are  required  to  perform  inputting,  transfer  and  outputting  of 
signal  and  the  relative  timing  of  these  phases  is  usually  critical.  Furthermore,  the  large  interphase 
capacitance  of  practical  CCD  devices  can  give  rise  to  clock  'glitches'  which  in  turn  can  degrade  the  CCD 
performance . 

If  CCD  devices  are  to  be  adopted  by  system  designers,  the  above  shortcomings  must  be  minimised,  and 
preferably  eliminated,  even  if  some  of  the  potential  performance  of  the  CCD  has  to  be  sacrificed.  The  goal 
we  seek  is  a charge  transfer  system  which  may  be  reproduc ibly  and  simply  set  up  to  give  an  acceptable 
level  of  performance,  preferably  using  a single  phase  clock. 

Ihe  basic  3-phase  charge  transfer  system  has  been  studied  by  the  author  (BROWNE,  V.A.  and  I'tRkINS,  K.D., 

1 ) and,  whilst  such  structures  are  simple  in  concept,  they  are  difficult  to  operate.  In  particular 

they  are  vulnerable  to  clock  ’glitches'  which  may  be  only  a few  nanoseconds  in  duration  and  which  may  cause 
the  potential  barriers  within  the  device  to  collapse  momentarily . An  Improvement  in  this  situation  may 
be  realised  by  the  fabrication  of  4-phase  structures  whereby  the  charge  transfer  directionality  is  more 
reliably  defined.  However,  the  ideal  solution  is  the  adoption  of  a two  phase  system  in  which  the  transfer 
barriers  are  physically  built  into  the  device  structure.  Hence  the  basis  of  our  approach  to  simplified 
LTD  operation  is  the  use  of  a 2-phase  structure.  Ihis  paper  discusses  the  performance  limitations  of  a 
number  of  2-phase  CCD  structures  when  operated  in  both  the  2-phase  and  the  uniphase  mode.  Performance  is 
compared  to  the  equivalent  3-phase  device. 

2.  DIVICE  STRUCTURE 

2-phase  CCD  devices  have  been  fabricated  using  a coplanar,  n-channel,  double  level  polysilicon  gate 
process.  The  necessary  barriers  to  inbuild  charge  transfer  directionality  have  been  formed  by  means  of 
either  a thick  oxide  or  an  ion  implant  beneath  the  second  level  polysilicon,  and  self  aligned  with  the 
first  level  electrodes.  A typical  cross  section  of  the  CCD  device  Is  shown  in  Fig.l.  Ihe  composite 
2-phase  electrodes  have  been  formed  by  connecting  one  electrode  from  each  of  the  two  polysilicon  levels 
to  a comnon  busbar.  Tigs. 2 (a)  and  (b)  show  the  measured  relation  between  surface  (xifent  la  I and  gate 
voltage  for  the  two  types  of  barrier.  Note  that  for  the  thick  oxide  device  the  barrier  height  (repres- 
ented by  the  separation  between  the  two  curves)  Increases  with  clock  level.  Conversely  the  shallow  ion 
implant  of  the  device  of  Fig. 2 (b)  behaves  as  an  additional  Qss  term  giving  rise  to  a near  constant  shift 
in  surface  potent  la  1 and  a near  constant  barrier  amplitude. 

When  an  ion  implant  is  used  to  form  the  barriers  it  is  also  possible  to  fabricate  bulk  channel  devices 
using  the  same  process  schedule,  with  the  addition  of  a phosphorus  channel  Implant.  Tig. 2 (c)  shows  the 
typical  channel  potential  against  gate  voltage  curves  of  a bulk  mode  CCD.  The  implant  barrier  structure 
is  to  be  preferred  owing  to  its  compatibility  with  both  surface  and  bulk  mode  devices  and  owing  to  the 
good  approximation  to  a constant  barrier  height  which  is  achieved.  Such  a process  requires  the 
addition  of  Just  one  ion  Implant  to  the  existing  lbk.  MOS  RAH  processes. 


w 


' ■»  ' 


The  barrier  size  has  hern  chosen  subject  to  the  constraints  of  a IS  volt  supply  rail  and  a pseudo  unlphase 
clocking  system.  After  considering  all  the  system  tolerances,  barrtei  sizes  of  S volts  for  the  surface 

mode  devices  and  4 volts  for  the  buried  mode  devices  were  chosen,  corresponding  to  charge  storage 
densities  of  1.1  x lill*’  cm-  and  4.0  x 1 0 • ■ 'em*’  respectively.  for  the  surface  mode  device  In  particular 
this  represents  a significant  reduction  in  storage  density  compared  to  the  eguivalent  i phase  device, 

for  many  real  applications  whereby  one  clock  phase  Is  held  at  an  intermediate  O.C.  potential,  the1  storage 

densities  of  the  .’-phase  and  J-phase  devices  are  similar. 

An  alternative  structure  having  offset  electrodes  (BOWER,  R.U.,  /IMMIRMAN,  T . A . and  MOHSIN,  A.tl.  . l‘i?3) 
instead  of  the  composite  electrodes  of  fig.l  has  been  considered.  Ihe  system  is  shown  schematically  in 
fig. 3 and  is  seen  to  consist  of  electrodes  fabricated  alternately  with  thick  oxide  and  ion  implant  barriers. 
Otherwise  the  device  operation  is  similar  to  that  described  for  fig.l.  The  offset  electrode  system  does 
overcome  the  main  shortcoming  of  the  composite  electrode  device  by  significantly  reducing  the  element 
pitch.  However,  this  is  at  the  expense  of  a more  complex  and  difficult  to  control  process.  In  partic- 
ular the  electrode  dimensions  of  the  offset  device  can  vary  with  mask  alignment. 

In  practice  the  real  choice  between  offset  and  composite  gate  structures  must  depend  upon  the  application 
to  be  considered.  for  many  signal  processing  functions  the  elemental  pitch  of  the  composite  gate  device 
is  not  a significant  problem  and  its  well  defined  electrode  dimensions  are  attractive.  By  contrast,  for 
large  area  imaging  chips  the  offset  electrode  structure  has  the  benefit  of  being  iimiune  to  intra-level 
shorts  ( see  f i g . J ) . 

3.  PfVlCl  OPERATION 

3.1.  Transfer  Inefficiency 

All  of  the  device  structures  described  in  Section  have  been  fabricated  and  the  use  of  3-phase  and  uni- 
phase  clocking  schemes  have  been  investigated.  The  general  reproducibility  of  device  performance  has 
been  a notable  feature.  Of  particular  interest  is  the  reduced  sensitivity  to  clock  waveform  variations 
as  compared  to  3-phase  CCD  structures.  The  device  operating  characteristics  are  found  to  be  largely 
independent  of  clock  amplitude  over  the  range  8-30  volts  when  a .’-phase  clocking  scheme  is  employed. 

Even  devices  having  severe  interphase  electrode  shorts,  which  give  rise  to  grossly  distorted  clock  wave- 
forms, arc>  found  to  function. 

A t>4  stage,  composite  gate,  implanted  barrier  device  is  illustrated  in  lig.4.  The  device  has  two  parallel 
transfer  channels  clocked  by  a common  electrode  set.  The  respective  channel  widths  are  f>  microns  and  SO 
microns.  Fig.b  (al  illustrates  the  operation  of  the  two  CCD  delay  lines,  using  a 13  volt  overlapping  3- 
phase  clock.  The  imperfect  step  function  response  is  a consequence  of  incomplete  charge  transfer  (trans- 
fer inefficiency).  Clearly  the  transfer  inefficiency  of  the  S micron  device  is  greater  than  that  of  the 
SO  micron  device.  This  results  from  fast  interface  state  trapping  along  the  parallel  edges  of  the  CCD 
channel,  the  effect  being  proportionally  larger  for  the  S micron  device. 

Edge  effects  due  to  finite  potential  gradients  it  the  electrode  edges  have  been  recognised  as  a limiting 
factor  for  narrow  surface  channel  CCD  devices  (TOMPSETT,  M.T.,  1 d 7 3 ) irrespective  of  the  number  of  clock 
phases.  The  background  or  ’fat  zero’  charge  is  unable  to  communicate  with  fast  states  at  the  electrode 
edges  and  hence  trapping  of  signal  charge  occurs.  Ihe  gradient  achieved  at  the  edges  of  the  potential 
wells  depends  upon  the  device  geometry.  The  local  oxidation  technique  offers  an  attractive  approach  to 
controlling  the  geometry  of  the  parallel  edges  of  the  potential  well  by  means  of  a self  aligned  field 
implant  and  thick  oxide.  The  gradient  at  the  transverse  edges  of  the  well  is  set  by  the  electrode  separ- 
ation, the  gate  dielectric  thickness  and  the  substrate  doping  concentration,  all  of  which  are  well  con- 
trolled also.  Hence,  for  a given  gate  bias,  the  potential  gradient  at  the  electrode  edges  is  well 
defined,  and  so,  therefore,  is  the  edge  trapping  effect. 

One  further  factor  might  be  expected  to  influence  the  extent  of  edge  trapping  in  3-phase  CCD  devices. 

If  the  receiving  electrode  is  turned  on  before  the  sending  electrode  is  turned  off,  then  the  charge  is 
always  pushed  over  a constant  barrier  potential  so  that  the  same  channel  area  is  covered  by  both  the  back- 
ground charge  and  the  signal  charge.  Hence  it  might  be  expected  that  this  "overlapping"  or  "push"  clock 
mode  of  operation  would  reduce  the  edge  trapping  effects  in  narrow  channel  surface  mode  CCD’s.  Con- 
versely, if  the  sending  electrode  turns  off  before  the  receiving  electrode  turns  on,  then  the  area  covered 
by  the  background  charge  will  be  smaller  than  that  covered  by  the  signal  charge  so  that  larger  edge 
trapping  effects  may  be  expected  for  this  "underlapping"  or  "drop"  clock  mode  of  operation. 

Ihe  transfer  efficiencies  of  the  ’>  micron  and  the  SO  micron  channel  devices  of  lig.4  have  been  investigated 
as  a function  of  clocking  mod*'  and  frequency.  The  net  charge  loss  from  the  leading  edge  of  the  step 
function  (iig.S  (a))  was  found  to  be  largely  independent  of  clocking  mode  for  either  overlapping  or  under- 
lapping 13  volt  .’-phase  waveforms  or  an  IB  volt  unlphase  waveform.  In  all  cases  the  step  function  was 
proceeded  bv  1 0 .’4  background  charge  packets.  Similar  results  were  obtained  for  the  offset  electrode 
structure  and  for  the  composite  electrode  structure  using  thick  oxide  barriers.  The  net  charge  loss  from 
the  leading  edge  of  the  bulk  mode  device  was  significantly  smaller  owing  to  the  reduced  loss  to  trapping 
sites. 

Since  the  surface  potential  curves  of  Fig. 3 are  not  perfectly  parallel,  the  transfer  barriers  of  the 
surface  mode  device  are  higher  when  operated  with  overlapping  drive  waveforms.  The  resultant  Increase  in 
charge  density  is  reflected  in  a lower  fractional  charge  loss  for  the  leading  pulse.  rig.S  (h)  shows  the 
measured  fractional  charge  loss  per  transfer  (transfer  inefficiency)  for  the  various  operating  modes  as  a 
function  of  frequency. 

two  important  points  were  noted  in  taking  these  measurements: 

(1)  In  the  unlphase  mode  all  devices  were  designed  to  operate  in  the  complete  transfer  mode 
using  a IS  volt  transfer  clock.  However,  for  the  surface  mode  devices  it  was  found  necessary  to  use  a 
minimum  of  1/  volts  amplitude  before  the  complete  transfer  mode  was  achieved.  With  the  IB  volt  transfer 
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clock  employed  for  the  above  measurements  the  adjustment  of  the  D.C.  clock  phase  was  found  to  be  critical 
if  the  complete  transfer  mode  of  operation  was  to  be  achieved.  In  contrast,  the  bulk  mode  device  operated 
satisfactori ly  using  a 15  volt  uniphase  clock  and  also  had  a wide  tolerance  (•?  volts)  on  the  D.C.  phase 
setting,  within  which  range  the  performance  was  found  to  be  constant. 

Clearly  the  surface  node  device  did  not  behave  as  predicted  by  its  measured  channel  potential  curves  when 
using  the  uniphase  clock.  On  the  other  hand,  the  measured  channel  potentials  enabled  all  other  aspects 
of  the  device  performance  to  be  accurately  predicted.  It  is  likely  that  the  discrepancies  in  the  uniphase 
mode  arise  from  the  existence  of  spurious  potential  barriers  between  the  CCD  elpctrodes.  Fig. 6 shows  how 

such  barriers  can  exist  in  the  overlapping  electrode  2-phase  CCD.  Neither  the  ion  implant  barrier  nor 
the  oxide  beneath  the  barrier  gate  are  truly  self  aligned  to  the  first  polysilicon  electrode  edges.  In 
reality  both  the  implant  and  oxidation  reach  beneath  the  electrode  edges  by  the  relevant  diffusion  length 
giving  rise  to  spurious,  but  stable,  barriers.  In  the  case  of  2-phase  operation,  or  2-phase  bulk  mode 
operation,  the  larger  fringing  fields  eliminate  the  spurious  barriers  so  that  complete  transfer  mode  oper- 
ation is  achieved. 

(ii)  The  predicted  reduction  of  edge  effect  losses  when  using  two  phase  overlapping  waveforms 
was  not  observed,  even  in  the  case  of  the  narrow  channel  devices  where  performance  is  dominated  by  edge 
effects.  It  may  be  that  the  small  remaining  fraction  of  charge  which  is  slow  to  transfer  from  the  sending 
electrode  suffers  edge  effects  in  the  normal  manner  as  the  clock  turns  off.  An  accurate  modelling  of 
charge  transfer  in  2-phase  CCD's  is  needed  if  these  effects  are  to  be  fully  understood. 

At  high  clock  rates  t e fractional  loss  per  transfer  is  seen  to  increase  owing  to  the  finite  mobility  of 
the  signal  charges.  The  rate  at  which  free  transfer  losses  increase  at  high  frequencies  has  been  found 
to  be  generally  less  than  predicted  by  the  established  theory  (CARNES,  J.E.,  K0S0N0CKY , U.F.  and  RAMBERG, 
E.G.,  1972). 

3.2.  Thermal  Leakage 

Thermal  generation  of  charge  has  been  measured  at  typically  10  nA/cm‘>  at  25°C.  However,  localised  defects 
can  limit  the  saturation  time  of  some  storage  cells  to  typically  1-5  seconds  in  surface  mode  devices  and 
0.1  to  0.5  seconds  in  bulk  mode  devices.  The  origin  of  thermal  charge  from  three  sources  has  to  be  con- 
sidered Ln  the  coplanar  CCD  viz: 

(i)  Direct  and  indirect  band  to  band  generation  in  the  non-defect  cells.  In  the  case  of  the 
barrier  electrodes  and  the  'off'  storage  electrode,  where  the  depletion  layer  width  is  small,  this  will 
generally  be  dominated  by  carriers  hopping  via  mid-band  interface  states.  .r  the  case  of  the  'on' 
storage  electrode,  where  the  depletion  width  can  be  large,  bulk  generation  dominates. 

(ii)  Indirect  generation  in  cells  having  crystallographic  defects  which  can  act  as  nucleation 
sites  for  impurity  ions.  In  coplanar  structures  careful  processing  is  required  to  avoid  stacking  faults 
in  the  field  regions  which  can  extend  into  the  active  channel.  Even  in  wafers  processed  with  a zero 
density  of  stacking  faults,  leakage  'spikes'  are  found  to  occur  as  the  second  order  defects  nucleate 
impurity  ions. 

(iii)  Leakage  current  arriving  from  the  field  regions.  Although  the  surface  band-bending  is 
small  in  the  field  regions,  a finite  depletion  layer  exists,  especially  beneath  positively  biased  rails. 

The  use  of  collection  channels  of  the  type  used  for  antiblooning  protection  in  vidicons  can  help  eliminate 
the  possibility  of  spurious  injection  from  outside  the  active  channel.  Alternatively  an  n+  collection 
ring  may  be  employed. 

In  2-phase  CCD’s,  which  have  an  approximately  constant  barrier  amplitude,  the  storage  time  capability  may 
be  enhanced  by  storing  signal  with  both  clocks  in  the  off  condition.  This  is  especially  attractive  in 
the  surface  mode  device  whereby  the  depletion  volume  beneath  the  'on'  storage  gate  is  reduced.  Also 
inversion  charge  is  then  collected  beneath  both  storage  gates  resulting  in  a reduced  surface  generation 
current  since  the  occupied  surface  states  can  no  longer  act  as  generation  levels. 

3.3.  Charge  Storage  Density 
Surface  Mode 

The  composite  gate  device  of  Fig. 4 has  been  fabricated  with  9 volt  barriers,  so  that  12  volt  2-phase  oper- 
ation gives  rise  to  a charge  storage  density  of  2 x 10^2  charges/sq.cm.  This  compares  well  with  the 
equivalent  3-phase  device  fabricated  on  the  same  process  and  using  a 3-phase,  twelve  volt  clock. 

When  uniphase  mode  operation  is  required,  however,  the  barrier  height  must  be  limited  to  approximately  5 
volts  if  complete  transfer  operation  is  to  be  achieved.  Thus  the  performance  of  the  2-phase  device  has 
to  be  compromised  when  uniphase  operation  is  required.  This  is  analogous  to  operating  the  3-phase  CCD  in 
the  2 J -phase  mode. 

Bulk  Mode 

The  charge  storage  density  of  the  bulk  mode  device  will  generally  be  limited  by  the  capacity  of  the  buried 
channel.  Consequently  the  same  storage  density  is  achieved  irrespective  of  whether  2-phase  or  uniphase 
operation  is  considered.  The  bulk  mode  devices  described  in  this  paper  had  a barrier  height  of  4 volts 
and  a storage  density  of  4 x loll  charges/sq.cm. 

4.  CONCLUSIONS 


2-phase  surface  and  bulk  mode  CCD's  can  be  fabricated  using  the  two  level  polysilicon  RAM  processes,  with 
the  addition  of  just  one  implant  for  surfare  mode  operation  and  two  ion  implants  for  bulk  mode  operation. 
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Opera  t ion  of  .’-phase  CCO's  is  more  predictable  than  other  forms  of  CCO  owing  to  the  inbuilt  barriers  which 
ensure  the  existence  of  discrete  potential  welis  at  all  times.  Moreover,  operation  of  the  bulk  mode  device 

may  be  simplified  by  the  use  of  a single  phase  transfer  clock.  This  simplification  involves  no  compromise 

in  performance.  lor  the  surface  mode  device,  however,  the  barrier  height  has  to  be  limited  if  single 
phase  operation  is  intended,  with  the  result  that  performance  similar  to  the  3-phase  CCD  operated  in  the 
,’k-phase  mode  is  achieved.  One  of  the  more  serious  problems  to  tie  addressed  when  using  unlphase  surface 
mode  operation  is  the  existence  of  spurious  potential  barriers  which  can  degrade  performance.  The 
reduced  fringing  fields  which  exist  between  electrodes  during  surface  Uniphase  operation  can  be  too  small 
to  eliminate  such  barriers. 
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1st  Level  Polysilicon  Deposited  Oxide  Aluminium 
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Self  Aligned  Barrier  Implant  Self  Aligned  MOST 

Field  Threshold  Drain 

Control  Implant 

FIG.  1 

SCHEMATIC  CROSS  SECTION  OF  THE  COPLANAR,  COMPOSITE  GATE 
CCD  STRUCTURE,  SHOWING  HOW  THE  FIELD  OXIDE,  FIELD  IMPLANT, 
BARRIER  IMPLANT  AND  DIFFUSIONS  ARE  SELF  REGISTERED. 
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Transfer  Inefficiency 


(a)  STEP  FUNCTION  RESPONSE  OF  THE  TWO  CCDs  OF  FIG.  4. 
UPPER  TRACE  = 50  MICRON  WIDE  CHANNEL 
LOWER  TRACE  = 5 MICRON  WIDE  CHANNEL 
VERT  = 2v/div  and  0.5  v/div.  H0R1Z  = 100  5/div. 
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• Bulk  Mode.  Uni  ll 


Clock  Frequency  (Hz) 


(b)  TRANSFER  EFFICIENCY  OF  THE  IMPLANTED  BARRIER 
COMPOSITE  GATE  CCD  AS  A FUNCTION  OF  OPERATING 
MODE  AND  FREQUENCY. 

VCL0CK  = 12v  (20)  0R  18v  (UNI  ‘ 0) 

VBB  = -5< 
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FIG.  6 

SCHEMATIC  REPRESENTATION  OF  HOW  LATERAL 
OXIDATION  AND  DIFFUSION  BENEATH  THE  EDGES 
OF  THE  FIRST  LEVEL  POLYSILICON  CAN  GIVE 
RISE  TO  SPURIOUS  POTENTIAL  BARRIERS. 
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SPNNAKI 

This  paper  examines  the  potential  of  integrated  c i r \ u 1 1 -based  convolvers  for  baseband  operation 
• he  emphasis  is  on  compact  processor  development  with  an  eventual  aim  of  a single  chip,  monolithic  design 
suitable  for  a variety  of  signal  processing  appl rations  Before  hardware  developments  are  treated, 
trade-offs  of  serial  and  parallel  configurations  of  convolver  are  considered  together  with  their  respective 
component  requirements  It  appears  that  for  complete  integration  of  a convolver  module,  the  parallel 
approach  is  preferred  following  a descr  iption  of  a be  1 tic  serial  processor  (having  a t ime- bandwidth 
product  of  S00)  a study  is  made  of  the  circuit  elements  of  a particular  realisation  of  an  integrated 
convolver  in  CCD  MOs  technology  All  aspects  of  the  design  are  considered  and  the  description  is 
focussed  around  a prototype  b4  stage  convolver  The  future  of  this  approach  is  discussed  and  thought  to 
be  capable  of  convolution  points  on  a single  chip  Several  such  units  c ou  1 d be  cascaded  giving  tins 
integrated  approach  an  enormous  potential  in  applications  where  space  and  power  are  crucial,  and  high 
computing  precision  is  not  essential 

1 INTRODUCTION 

The  development  of  compact,  lightweight,  low  power  haicfware  tc>  perform  the  real-time  correlation 
convolution  or  two  discrete  signals  permits  the  real isat ion  of  sophist u ated  signal  processing  functions, 
such  as  matched  filtering  and  spectrum  analysis  fo»  a variety  of  applications  Recent  advances  in 
microelectronic  components  are  central  to  these  developments  and  include  prcHjress  in  analogue  as  well  as 
digital  devues  Now,  in  addition  to  conventional  digital  elements  for  per  forming  discrete  time  sampled, 
signal  process  inq,  v harge-coupletf  devices  (CCD's)  (Hoyle,  w s and  Smith,  Ci  l . WO)  are  available  These 
provide  primarily  high  density  analogue  digital  storage  in  various  configurations,  and  are  compatible  with 
H)s  ci»c.uit»y  for  performing  arxilliary  functions  The  CCD  NOS  approac  h looks  extremely  promising  tor' 
realising  convolvers  *ith  performance  attributes  suitable  for-  many  areas  including;  sonar  . common  K at  ions 
and  instrumental  ion,  particularly  for  mobile  equipments 

The  advent  of  the  mu  roproc  essor  and  l si  memory  means  that  extremely  powerful  and  versatile  filtering 
systems  van  be  produced  bv  controlling  the  convolver  refer  e rue  channel  Such  an  arr  angement  is  extremely 
important  in  the  signal  processing  context  as  am  desired  f Itering  function  can  be  realised  simply  by 
programming  its  impulse  response  Interfaced  with  a muropro  , ssor  (Copeland,  H.A  , Id’*)  this  system 
could  proviyfe  intelligent  avfapt  ton  of  the  filter  response  to  optimise  performance,  or  for*  restricted 
appl  ic  at  ions , a single  filte-  may  be  rrultiplexed  to  Implement  mar\y  different  signal  processing  functions 

The  c i"OSSc  envoi  v e»  van  be  realised  using  various  architectures  based  upon  comb  mat  ions  of  serial  and 
parallel  forms  tach  c onf igurat ion  is  likely  to  be  suited  to  a particular  hardware  arrangement  and 
dependent  upon  the  overall  system  parameters  In  this  paper,  the  emphasis  is  on  solid-state  convolvers 
based  on  silicon  integrated  circuit  technology  The  tradeoffs  between,  and  limitations  of,  serial  and 
parallel  forms  of  processor'  are  discussed  with  particular  reference  to  integrated  circuit  implement  at  ion 
with  a minimum  package  count  Practical  aspects  of  both  forms  ot  convolver  realisation  art'  discussed 
with  reference  to  prototype  hardware  real  isat  ions 


PRINCIPLE 
1 Convolution 

A filter  having  an  impulse  response  seguence,  r,  of  N elements  will  respond  to  an  l element  signal 
sequence,  s,  with  an  ♦ h'  element  output  sequence,  given  by  the  convolution  sum  (squire,  W.D  et . al  . , 
Herd! 

N-l 


The  calculation  requires  N multiplications  tor'  each  convolved  point  (one  mult ipl icat ion  for*  each 
reference  element'  and,  thus,  a total  of  ♦ N'h  mul  t ipl  ic  at  ions  tor-  the  complete  convolution  sequence 

Serial  vs  Parallel 

targe  computers  van  be  used  to  programme  and  carry  out  these  computations  very  easily,  but  the 
demand  for  dedicated,  compact,  hardware  real  isat  ions  is  an  important  and  developing  applications  area 

All  convolution  systems  rust  provide  some  memory  register  fo»*  storing  the  reference  sequence  and  the 
present  and  previous,  N,  signal  samples,  s n.  sm,  a facility  for  mult i p 1 > ing  together  individual 

samples  r'f  the  t wv'  sequences,  and  a method  ot  shifting  the  sequences  with  respect  to  each  other,  bv  one 
element,  after  each  calculation  of  the  convolution  si#" 

c'ne  coenon  approach  for  realising  the  convolution  function  is  shown  in  principle  in  Fig  ly»i',  and 
employs  .i  single  multiplier  to  execute  the  N mul  t ipl  ic  at  ions  at  each  convolved  point  in  Thus  for 

♦ eal-time  c onvolut  io»  , the  multiplier  must  operate  at  N times  the  signal  sample  frequency;  similarly, 
the  data  contained  in  the  signal  and  reference  registers  must  be  »ec  m ul  at  ed  at  that  rate  After  each 


recirculation,  the  oldest  signal  sample  IS  replaced  by  a new  input  sample  and  the  next  convolution  point 
is  obta i ned  by  a further  recirculation. 

As  an  alternative  to  the  serial  system,  real-time  computation  of  the  convolution  sum  may  be  achieved 
at  a processing  rate  egual  to  the  signal  sampling  rate  by  the  effective  :w»m  processing  of  the 
required  multiplications,  this  may  be  realised  in  an  N-stage,  programmable  transversal  filter  of  tin- 
type shown  in  fig. 1(b).  Here  the  hardware  requirement  is  increased  by  N-l  multipliers,  but  for  a given 
signal  bandwidth  the  s red  requirement  is  reduced  by  a factor  of  N.  Note  also  that  the  equivalent  number 

of  siqnal  sample  shifts,  or  tr.risfers,  is  also  reduced  by  a factor,  N. 

Many  other  correlator  architectures  are  possible  usually  involving  one  or  more  ser 1 al /paral lei 
configurations  to  optimise  the  parameters  of  the  system.  In  many  cases  the  speed  of  the  multiplication 
hardware  limits  the  operating  bandwidth  and  the  system  has  to  be  configured  with  multiplexed  or  parallel 
channels  to  achieve  performance  at  the  expense  of  duplicated  multiplication. 

2.3  Analogue  vs.  Digital  Processing 

Digi’jl  convolvers  based  on  conventional  digital  components  are  widely  available  but  suffer  from 
the  disadvantaq'  that  when  they  are  used  to  process  analogue  signals  - as  is  ve-y  often  the  case  in  signal 
processing  - A'D  conversion  is  required.  Their  speed  is  limited  essentially  by  the  rate  of  the  digital 

multipliers  used,  and  these  are  likely  to  be  largely  responsible  for  the  high  power  taken  by  such  a 

processor,  furthermore,  digital  multiplication  is  costly  in  terms  of  hardware,  requiring  currently  multi- 
chip  systems  for  anything  above  four-bit  accuracy,  for  higher  packing  density,  analogue  multipliers  and 
summers  can  be  used  but  these,  of  course,  suffer  from  the  inacuracies  of  analogue  multiplication  and 
thus  impose  an  upper  limit  on  useful  resolution.  However , the  distinct  advantage  of  a digital  convolver  - 
in  common  with  all  digital  systems  - is  that  * he  accuracy  of  computation,  which  is  a direct  function  of 
the  diqital  word  site,  is  essentially  infinitely  expandable  (but  naturally  limited  by  the  components  used). 
Thts  precision  is  obtained  at  the  expense  of  power  and  system  site,  but  for  some  applications  is  of  major 
importance. 

Analogue  processors  of  all  kinds  suffer  from  the  disadvantages  of  drift,  sensitivity  and  difficult 
circuit  design.  Convolver  realisations  based  on  analogue  techniques  are  also  subject  to  the  restrictions 
of  the  usually  modest  dynamic  range  of  analogue-analogue  signal  multipliers.  However,  where  these  problems 
can  be  contained  they  have  the  attributes  of  a r.  ■'  realisation  of  the  convolution  function,  in 

comparison  with  digital  approaches;  thus  advantages  may  arise  which  outweigh  the  inherent  problems  for  a 
particular  application. 

In  realisinq  an  analogue  processor,  analogue  memory  could  be  provided  by  MOS  capacitor  storage, 
however,  by  usinq  charge-coupled  device  memory  then  the  shift  facility  is  provided  inherently.  Thus,  CCD- 
based  convolvers  offer  potentially  several  salient  advantages  over  all-digital  techniques.  Their 
application  is  substant lally  limited  to  parallel,  or  transversal  filter,  realisations  of  convolver 
because  of  the  difficulty  of  recirculating  sampled  analogue  data  in  an  analogue-mode  CCD.  Charge-transfer 
efficiency  problems  degrade  the  data  after  many  recirculations  and  make  serial  convolver  forms  essentially 
impossible  to  implement,  even  with  compensation  for  charge  dispersion. 

The  provision  of  an  analogue  reference  memory  is  an  additional  problem  to  be  faced;  conventional 
CCD, MOS  processes  do  not  allow  long  term  storage  of  analogue  information  and  some  means  of  refreshing 
must  be  provided.  This  may  not  be  such  a severe  disadvantage  at  the  systems  level,  however,  as  the 
reference  information  may  often  be  held  in  digital  form  in  some  memory  associated  with  a central  control 
unit  (possibly  a microprocessor).  Refreshing  the  reference  can  then  take  on  a 'direct  memory  access'  (DMA) 
priority  without  interfering  with  other  control  functions.  Thus  a dedicated  non-volatile  memory  block, 
always  as'ociated  with  a given  analogue  convolver  is  not  necessarily  implicated. 

A further  convolver  formation  is  to  have  an  analogue  signal  input  and  a digital  reference.  The 
multiplier  requirement  is  relaxed  where  a single  bit  reference  is  suitable  and,  consequently,  the  overall 
hardware  complexity  of  the  processor  thereby  becomes  reduced;  analogue  multipliers  are,  however,  implied. 
Monolithic  correlators  of  this  type  have  been  reported  (Herrmann,  E.P.  et . al.,  1R76)  in  CCD/MOS  technology. 
In  order  to  simulate  a multi-bit  reference,  several  units  can  be  run  in  parallel  or  one  longer  unit  time- 
shared.  As  this  approach  has  been  discussed  elsewhere,  this  paper  will  not  consider  it  further  but 
concentrate  on  analogue-analogue  signal  convolvers  where  the  highest  computing  density  and  most  interesting 
possibi  1 i t ies  arise. 

2.4  Comparison  of  Realisations 

It  is  clear  from  the  preceding  discussion  that  if  high  precision  is  required  then  a diqital  processor 
is  essential.  Tor  low  bandwidth  applications  ( - 20  kHz  for  a time-bandwidth  of  1000)  then  a serial 
convolver  offers  many  advantages.  However,  where  dynamic  ranges  of  40  - 60  dR  are  suitable,  or  a high 
speed  processor  is  required,  then  a parallel  approach  based  upon  CCD/MOS  devices  may  be  a possibility. 
Therefore,  as  diqital  component  development  progresses,  the  boundary  between  the  various  approaches  will 
reduce  the  efficacy  of  analogue  approaches,  altfiouqh  analogue-analogue  convolvers  will  always  provide  the 
maximum  packinq  density  in  parallel  implementations. 

Table  1 summarises  the  features  of  the  various  approaches:  performance  figures  are  not  included 
because  of  the  difficulty  of  specifying  hybrid  systems  and  comparing  performance  parameters . Many 
trade-offs  are  evident  from  the  Table  but  three  particular  cases  appear  most  interesting: 

(a)  The  parallel,  digital  convolver  represents  the  best  combination  of  speed  and  accuracy  at  the 

expense  of  (lower  and  size; 


(b)  The  parallel,  analogue  convolver  represents  the  best  combination  of  speed  and  packing  density,  at  the 
expense  of  accuracy,  and; 


At  these  three  appi  ac'i«:.,  th-  serial  digital  convolver  and  the  parallel  analogue  convolver  are  discussed 
further  in  this  paper. 


Tan  ir  1 ; PCKFORWA.NCE  COMPARISON  OF  DIFFERENT  CONVOLVER  REALISATIONS 
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3.  SERIAL  CONVOLVER  IMPLEMENTATION 

In  section  2.2  the  serial  convolver  principle  was  described  with  reference  to  Fig. 1(a).  In  this  case 
the  signal  is  time  compressed,  or  expanded  in  bandwidth,  by  a factor  N to  permit  a single,  fast  multiplier 
element  to  perform  the  required  (L  + N)N  multiplications  in  a time  equal  to  N low  data  rate  multiplications. 

A processor  based  on  the  DELTIC  configuration  using  CCD  digital  storage  and  digital  multipliers  has 
been  reported  (flavor,  et.  al . , 1977),  and  is  illustrated  in  Fig. 2.  The  storage  was  organised  in  a 
format  of  1024  bytes  x 3 bits,  and  an  8 x 8 bit  multiplier  was  used  in  the  prototype.  Although  the 
maximum  memory  clock  rate  was  3 MHz,  during  test  the  convolver  was  operated  with  a 500  Hz  input  signal 
bandwidth  only  requiring  a clock  rate  of  1.025  MHz.  The  processor  can  therefore  process  1000  samples  of 
a waveform  of  1 s duration  and  bandwidth  500  Hz;  this  corresponds  to  a time-bandwidth  product  of  500. 

Whilst  tne  principle  of  the  technique  has  been  established,  clearly,  using  state-of-the-art  multipliers 
full  sonar  bandwidth  operation  must  ultimately  be  achievable  at  time-bandwidths  extendable  in  blocks  of 

1000. 

4.  PARALLEL  CONVOLVER  IMPLEMENTATION 

The  remainder  of  the  paper  is  devoted  to  a systematic  study  of  the  design  philosophy  regarding  a 
particular  realisation  of  an  integrated,  parallel  convolver  based  on  the  principles  of  section  2.2. 

Because  a single  chip  design  only  appears  achievable  using  analogue-mode  CCD/MOS,  and  because  the 
convolver  in  this  technology  becomes  an  active  component,  then  the  design  problem  is  very  involved 
(Harp,  J.G.  et.  al.,  1975)  (Bosshart,  P. , 1976).  In  this  section,  details  of  many  of  these  considerations 
are  outlined,  pertaining  to  the  convolver  signal  input,  CCD  tapped  delay  line,  the  four-quadrant  multipliers 
and  a programmable  reference  memory.  Although  many  other  approaches  to  a single  chip  convolver  are  possible, 
it  is  thought  that  the  majority  of  the  discussion  will  be  common  to  other  realisations  based  on  CCD/MOS 
technology. 

4.1  MOS  Design  Techniques 

In  this  section,  the  requirements  for  the  MOS  circuitry  necessary  to  implement  a convolver,  when 
combined  with  a CCD  delay  line,  are  outlined.  Later  work  will  present  the  limiting  processes  and  relevant 
equations  that  apply  In  the  design  of  the  integrated  circuit. 

MOS  linear  circuitry  concepts  have  not  been  fully  exploited  to  date  for  any  purpose  because  of  the 
problems  associated  with  this  approach.  Hitherto,  problems  of  noise,  drift  and  low  transconductance 
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values  (gain)  have  made  their  application  to  linear  processing  very  restricted,  in  comparison  to  bipolar 
transistors  Although  bipolar  types  have  many  useful  operating  parameter  values,  they  do  sutler  from 
being  relatively  large  in  area.  In  the  convolver  design,  where  the  object  is  to  pack  as  many  processing 
cells  as  possible  on  the  chip,  Mels  transistors  would  have  the  advantage  ol  small  size.  Ihus  in  the  study 
leading  up  to  the  prototype  convolver  design,  detailed  later  in  the  paper,  the  adverse  features  o*  Mi's 
structures  were  studied  in  their  required  configurations  to  see  It  any  improvements  could  tie  innovated 
at  the  c ireui t level 

fortunately,  in  the  CCD  context,  MOS  linear  circuits  can  be  made  to  appear  to  be1  high  performance 
by  adopting  an  elegant  technique.  I he  sampled -data  nature  of  CCD  operation  imposes  on  the  MOS  circuitry 
its  time  quantised  data  restriction.  Ihus  the  MOs  circuitry  serving,  say,  the  outputs  of  a convolver  CCD 
delay  line,  is  required  to  be  active  for  the  time  when  the  data  is  valid  and  then  is  not  used.  During 
these  reqular  periods  in  which  the  data  is  being  transferred  in  the  CCD  (say  about  halt  ot  a clock  period 
for  a | device)  any  drift  in  the  non-  samp  I ed  MOS  circuitry  can  lie  assessed  and  then  eliminated  by  an 
appropriate  correction.  This  could  involve,  for  example,  storing  an  error  signal  caused  by  transistor 
drift  on  a capacitor  (store)  so  that  it  may  be  subtracted  t rum  a subsequent,  new  signal  sample  during  the 
next  valid  data  time.  As  the  error  correction  process  could  he  maintained  at  the  CCD  clock  p.r.f.  the 
'chopping'  frequency  could  be1  very  high  and  should  be  extremely  effective  in  minimising  any  drift  that 
would  otherwise  occur  It  is  also  very  useful  as  an  approach  because  it  could  be  used  not  only  tor 
correcting  say  the  drift  in  a monolithic  MOS  transistor  summing  amplifier,  but  also  for  reduc inq  d.c. 
drift  in  the  bias  levels  ot  the  CCD  tap  amplifiers  and  multipliers. 

A further  technique  has  been  proposed  (Maclennan,  D.J.  and  Mavor,  J.,  1D75)  for  improving  the  input 
output  linearity  of  CCD/MOS  circuits.  Without  this  technique  the  gain  and  distortion  in  such  circuits 
would  otherwise  be1  ill-defined,  and  lead  to  specification  problems  ol  the  convolver  system.  Ihe 
technique  uses  a single,  high  gain,  operational  amplifier  for  improving  the  linearity  by  including  the 
otherwise  non  linear  input  circuit  in  the  forward-gain  loop  of  a voltage  follower,  further  details  ot 
this  approach  to  linearising  the  input/output  transfer  function  are  given  in  the  following  sections. 


The  basic  operations  of  a parallel  convolver  for  monolithic  implementation  have  been  discussed 
previously  and  are  suitmarised  in  Mg. 1(b),  In  order  to  achieve  the1  necessary  density  of  functions  in  an 
integrated  circuit,  all  the  operations  sue  ti  as,  delay,  multiply  and  sum,  must  be  obtained  within  a narrow 
strip  on  the  surface  ot  the  silicon  substrate.  In  practice,  a major  problem  in  layout  is  the  tour- 
quadrant  multipliers,  these  should  be  fabricated  at  a pitch  corresponding  to  the  CCD  delay  line  cell 
length,  or  in  a multiple  of  it,  for  a neat  device  topology.  In  section  4.4,  considerations  of  an  MOs 
multiplier  structure  are  detailed  toge: with  an  error  analysis  for  their  perfonnance. 

In  the  remainder  of  this  section  other  details  of  the  MOS  circuit  design  requirements  are  given, 
including  a technique  for  storing  and  presenting  the  reference  signal  to  the  multipliers,  and  details  ot 
the  xunminq  circuitry,  ltiis  work  forms  a unified  basis  for  a fully  Integrated  convolver  design  in 
CCD/MOS  technology. 

4 2 Signal  Register 


A prime  requirement  of  the  transversal  filter  realisation  of  t . cj . 1(h)  is  a periodically  tapped, 
analogue  delay  line.  Such  sampled-signal  delay  functions  are  readily  implemented  using  compact,  low 
power  CCD  registers.  These  provide  naturally  the  sequential  delay  of  analogue  signal  samples,  in  the 
form  of  isolated  charge  packets,  via  a series  of  closely  spaced  controlling  electrodes.  Ihe  charge 
pac kets.whic h are  amplitude  modulated  to  contain  signal  information,  are  transferred  along  the  register 
by  driving  the  electrodes  with  m-phase  clock  waveforms  (typically  m 2,  j,  4).  Clearly,  the  time  delay 
between  samples  is  directly  controlled  bv  the  clock  frequency.  An  additional  requirement  of  the  tapped 
delay  line,  however,  is  that  the  information  contained  in  each  sample  be  periodically  sensed  whilst 
leaving  the  charge  packet  Isolated  and  free  to  transfer  along  the  register. 

A non- dest  rue  t ive  sensing  scheme  (Denyer,  P.H.  and  Mavor,  0.,  1 '» 7 7 ) which  may  be  implemented  in  any 
CCD  technology  is  illustrated  in  Fig.j.  A conventional  clocked  electrode  in  the  CCD  structure  is  replaced 
by  a ’floating  gate'  (reset)  sense  (FUR)  electrode.  This  electrode  is  firstly  reset  to  a bias  voltage 
whilst  there  is  no  signal  charge  underneath  it.  It  is  then  isolated  and  any  charge  subsequently  injected 
(as  a result  of  the  CCD  clocking  action)  causes  a related  change  in  electrode  potential.  Ihe  signal  may 
be  sensed  via  an  MOs  transistor  amplifier  to  provide  a voltage  output  at  a low  impedance. 

Although  the  intrinsic  transfer  function  may  be  complex  the  linearity  and  gain  of  this  structure 
may  be  well  defined  by  applying  a feedback  linearisation  scheme  (Maclennan,  D.,1.  and  Mavor,  j.,  Id, 'SI  at 
the  register  input,  as  shown  in  Fig. 4.  In  this  case  an  I UR  tap  is  used  to  meter  the  input  charqe  level 
which  is  then  corrected  via  a differential  amplifier  until  the  desired  tap  output  signal  is  obtained. 

Ihe  charge  packet  is  isolated  and  transferred  along  the  CCD  delay  line  resulting  in  identical  output 
signals  at  all  subsequent  taps,  which  are  replicas  of  the  input  metering  tap. 

A typical  delayed  tap  output  resulting  from  a chirp  input  signal  is  shown  in  Fig.b.  Note  that  the 
output  signal  is  'chopped'  and  the  true  signal  information  appears  for  only  a fraction  of  the  complete 
clock  period  due  to  the  reset- Isolate- Inject  charqe  sensing  sequence. 

Considering  errors  within  the  structure,  the  CCD  tapped  delay  element  has  three  fundamental 
disadvantages: 

(a)  Transfer  inefficiency  - A small  fraction  of  each  charge  packet  is  left  behind  at  each  transfer, 

causing  cumulative  signal  degradation  along  the  register.  For  an  inefficiency,  >,  per  tapped  stage, 
then  the  output  at  a non- destructive  tap,  n,  at  time,  m,  is: 
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In  the  frequency  domain  this  has  the  effect  of  imposing  a low-pass  filter  characteristic  the 
severity  of  which  increases  with  increasing  cumulative  transfer  inefficiency. 
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(b)  Dark.  Current  - As  signal  charge  packets  travel  down  the  CCD  they  are  subjei t to  an  additive  error  due 
to  minority  carriers  (Tasch,  A.F.  et . al.,  1R73),  which  are  thermally  generated  within  the  semi- 
conductor. For  a uniformly  clocked  CCD,  the  net  effect  is  a steady  increase  in  signal  charge  with 
time.  As  the  effect  is  essentially  linear  there  results  a constant  offset  error  at  tap,  n,  of: 
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where,  V is  the  change  in  tap  output  potential  corresponding  to  the  peak  charge  capacity,  0 . (] 

Jp  is  th?  dark  current  density,  Aj.  is  the  average  CCD  cell  area  and  is  the  time  delay  between  taps. 


(c)  Amplifier  mismatching  - Although  the  CCD  transfer  function  can  be  linearised  at  the  input  prior- 

launching  the  signal  charge  packet  the  ultimate  accuracy  of  the  tapped  delay  line  reguires  that  the 
characteristics  of  subsequent  tap  amplifiers  match  those  of  the  input  metering  tap . Such  mismatches 
may  be  caused  by  random  gain  and  threshold  variations  in  the  MOS  transistors.  It  is  possible, 
however,  to  design  the  buffer  amplifiers  such  that  these  effects  result  only  n quiescent  offset 
errors.  It  is  shown  later  that  these  errors  may  be  cancelled  at  the  output. 


4.  3 Reference  Register 

As  the  CCD  signal  register  provides  the  necessary  time-shift  process  a static  reference  register, 
permanently  driving  one  set  of  multiplier  ports,  is  sufficient.  The  most  compact  analogue  reference 
store  consists  of  a series  of  capacitors  followed  by  buffer  amplifiers,  if  necessary  to  drive  the  multiplier 
circuitry.  Many  reference  elanents  may  be  loaded  from  a cornnon  reference  input  busbar  using  on-chip 
digital  multiplex  techniques,  or  by  reading  the  reference  serially  into  a CCD  register  and  then  transferring 
the  reference  set  in  parallel  to  the  capacitor  array.  The  former  technique,  illustrated  in  Fig.b,  is 
preferred  for  two  reasons: 


(a)  Real-time  updating  permits  feedback  linearisation  of  each  reference  sample  to  be  implemented  right 
up  to  the  appropriate  multiplier  port, and 

(b)  by  makinq  the  multiplex  circuitry  addressable  individual  reference  addresses  may  he  selected 
randomly  as  well  as  sequentially,  which  may  be  of  great  use  in  systems  requiring  permuted  data  (Prime 
Transforms  for  example). 

The  major  limitation  of  the  capacitively-held  reference  is  information  decay  due  to  charge  leakage. 
The  dominant  contribution  toward  leakage  current  occurs  at  the  diffusion  terminal  of  the  sampling 
transistor,  and  its  magnitude  depends  upon  the  characteristics  of  the  diffused  diode  in  a complex  manner. 
Assuming,  for  simplicity,  a constant  leakage  current,  1L,  then  the  stored  value,  r,  decays  such  that 

I, 

r * r - f (t  - t(.)  (4.3.1) 


where  C is  the  holding  capacitance  and  t(.  is  the  last  refresh  time. 

Capacitive  breakthrough  of  the  sample  waveform  onto  the  hold  capacitor  via  gate  overlap  capacitance 
is  a second-order  effect.  The  voltage  level  at  which  the  sample  transistor  cuts  off,  and  thus  the 
magnitude  of  the  breakthrough,  is  a function  of  the  voltage  stored.  Assuming  a linear  buffer  amplifier 
characteristic,  the  net  effect  is  a quiescent  offset  combined  with  an  apparent  reduction  in  gain: 
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where,  r is  the  reference  zero  level,  V(1  is  the  off  potential  of  the  sampling  waveform,  is  the 
threshold  voltage  of  the  sampling  transistor,  Av  is  the  small-signal  voltage  gain  of  the  buffer 
amplifier  and  Cf  and  C(l  are  the  feedthrough  andncld  capacitances,  respectively. 

4.4  Multipliers 


For  general  purpose  signal  processing  four-quadrant  multiplication  of  the  signal  and  reference 
voltaqes  is  required  at  each  convolution  point.  An  economical  multiplication  technique  is  based  upon  the 
essentially  linear  transconductance  of  an  MOS  transistor  operating  in  the  non-saturation  region.  A first 
order  expression  for  the  drain  current  of  such  a transistor,  shown  in  Fig. 7,  is  given  by: 
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from  which  the  change  in  drain  current  obtained  upon  disturbing  the  gate  voltage  by  an  amount  V.,  is 
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It  is  worthwhile  noting  that  may  take  either  sign  and  that  equation  ^4.4  .?)  is  equally  valid  if 


A 


Vps,  as  defined  1 n I ig.  ’,  changes  sign  and  the  drain  and  source  terminals  become  transposed*  Ihus  the 
dec i rest  tour-guadrant  multiplication  may  he  obtained  by  applying  the  operand  voltages 

(a)  as  a constant  vr  with  respect  to  some  t iced  ' zero 1 level  V,v  at  one  diffused  terminal,  and 

(b)  as  a change  in  gate  voltage  vs  with  respect  to  some  ' zero 1 level  Vs0, 

and  by  sensing  the  corresponding  change  in  drain  current. 

Previously  the  difference  voltage,  vs,  has  been  synthesised  (Harp,  J.f,  et  al  , Id'S)  by  using  two 
identical  transistors  with  a conmon  diffused  terminal  (v,.);  the  gate  ot  the  second  transistor  being 
driven  with  the  'zero'  voltage  Vs0.  The  accuracy  of  this  method  is  however  critically  dependent  upon 
good  transistor  matching. 


An  alternative  approach  using  a single  Ml's  transistor  is  feasible  where  the  reference  voltage  (v  ) 
constant,  as  in  this  case.  Here  the  undesired  terms  in  egun . (4 .4 . 1 ) also  become  static,  representing  a 
constant  offset  at  the  output.  Changes  in  the  gate  (signal)  voltage  now  result  in  product  changes  at 
the  output  with  respect  to  the  (reference  dependent)  zero  level.  Where  necessary  a defined  output  zero 
level  may  be  obtained  by  alternately  applying  a signal  zero  (VM))  to  the  transistor  gate  to  obtain  the1 
output  zero  current: 
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and  then  subtracting  this  value  from  subseguent  ’signal  plus  zero'  samples  1 he  alternate  signal  zero 
may  be  simply  obtained  by  tapping  the  CCP  register  at  alternate  stages  and  inult  iplexing  signal  and  zero 
samples  at  the  input. 

Thus  a form  of  chopper  stabilisation  may  be  applied  at  the  output  to  set  and  hold  a zero  level 
during  the  reset  period; and  outputs  subsequently, the  product  signal  as  a change  in  this  level  Not  only 
does  this  zero  mill  t iplexing  technique  remove  the  transistor  matching  requirement  (a  time-multiplexed 
transistor  is  perfectly  matched  to  itself)  but  the  alternate  zero  levels  also  contain  information  on  all 
quiescent  offset  errors  in  the  signal  port  (due  to  tap  amplifier  mismatching  and  threshold  voltage 
variations  in  the  multiplier  transistor),  which  are  thus  also  removed  at  the  output 

1 wo  possible  errors  arise  when  using  this  transc undue  tarn e multiplication  technique: 

(a)  The  changes  in  drain  current  may  modulate  the  reference  voltage,  v,.  , dm-  to  the  finite  output 
admittance  of  the  reference  amplifiers  H the  reference  value  has  been  set  (using  a feedback 

1 i near isat ion  scheme)  during  the  signal  zero  phase  then  the  product  error  due  to  a reference  amplifier 
output  admittance  of  g0  is  given  by: 

sr  • sr  - s r 14.4.4' 
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where  the  error  factor  g may  be  typically  It. 

(b)  Individual,  'matched'  transistor  gain  factors  may  vary  within  a given  integrated  circuit  be  as 

much  as  St  and  between  different  circuits  on  t lit-  same  slice-  by  .’c1 : Hie  variation  between  devices 

may  be  trimmed  out  at  individual  summing  amplifiers  but  there  still  remains  a random  piMduc t gain 
variation,  'tv  P,  between  convolution  points  on  any  given  device.  The  statistics  ot  this  variation 
are  obviously  process  dependent  but  the  effect  may  be  minimised  by  using  multiplication  transistors 
of  large  area. 

4 . s Summ  i ng 

The  provision  of  the  multiplier  reference  voltage,  V , in  addition  to  the  semination  ot  the  product 
currents  may  be  conveniently  realised  using  a single  operational  amplifier  and  feedback  summing  resistor 
as  shown  in  f ig. 8.  Note  the  simile-  current  summing  bus  which  again  allows  a compact  circuit  topology  . 

Ihe  removal  of  the  alternate  zero  current  level  may  be  easily  accomplished  at  this  stage  by 
programming  a current  source/sink  during  alternate  periods  to  remove  the  zero  current  level  from  the 
summing  busbar.  The  removal  of  this  quiescent  current  before  the  stunning  resistor  enables  the  wanted 
output  signal  to  occupy  the  full  dynamic  range  of  the  summing  amplifier  rather  than  a restricted  portion 
of  it,  thus  enhancing  the  noise  figure  ot  the  complete  device  and  allowing  the  output  gam  to  be  varied 
without  a corresponding  d.c.  shift. 

Generally,  the  stunning  amplifier  is  the  limiting  factor  in  terms  of  system  speed  in  that  its  output 
must  settle  within  the  time  period  for  which  the  signal  is  true;  for  an  m phase  device  the  settling  time 
must  therefore  be  T . .s,m,  where  I is  the  I'Cl'  clock  period.  It  a signal  sample-hold  taciliti  is  made- 
available  on-chip  prior  to  the  multiplier  gate,  this  settling  time  may  be  extended  to  1k  .s.  Although 
the  intrinsic  III'  Ml's  circuitry  may  be  designed  to  operate  at  clock  frequencies  up  to  li'  MHz,  it  is 
difficult  to  achieve  sampling  rates  at  the  summing  amplifier  much  above  I MHz  without  resorting  to  bulky, 
high  power  amplifiers  which  make  mobile,  lightweight  applications  less  attractive. 

An  operational  amplifier  design  for  this  purpose  in  MOS  technology  has  been  reported,  (Neste,  N and 
Mavor,  ,1.,  I*)77)  using  single  channel  transistors.  It  was  fabricated  with  an  N channel  ill'  process  and 
gave  satisfactory  performance  to  above  I MHz.  A chopper  stabi 1 isat ion  technigue,  similar  to  that  outlined 


Because  the  drain  and  source  terminals  remain  at  a constant  potential  there  is  no  additional  modulation 
of  the  drain  current  due  to  substrate  bias  effects  so  that  egun. (4.4  .')  remains  valid  tor  more  complex 
drain  current  expressions  than  (4.4.1). 


ill  section  4 I,  gave  .1  useful  drift  figure  of  • 1 111V  over  <111  80°C  1 hange  in  amh lent  temperature  The 
area  of  the  amplifier  was  only  24  mils  square  making  it  suitatde  for  many  CCD  peripheral  functions. 

4 h Integrated  [rror  Itfects 
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Indications  have  been  given  so  far,  in  this  section.of  the  major  contributions  towards  inaccuracy 
in  this  particular  realisation  of  the  convolution  sun  The  effects  of  these  error  sources  at  the  output 
of  the  convolver  are  now  discussed  with  reference  to  other  work  (Maclennan,  l'  J.  et  . al  .,  I47M 
Unfortunately,  unless  precise  intonnat ton  about  both  the  signal  and  reference  waveforms  is  available 
quantitative  analysis  is  not  feasible,  it  is,  however,  useful  to  review  the  general  effects  of  these 
errors  so  that  potential  problem  areas  may  be  analysed  more  fully. 

Charge  transfer  inefficiency  (1)  in  the  CCD  register  has  already  been  shown  to  degrade  signal 
information  at  high  frequencies;  this  being  a cumulative  effect  with  increasing  N.  products.  In  temis 
of  frequency  filtering  appl ie at  ions , however,  the  net  effect  at  low  frequencies  is  a shift  in  the  transition 
edges  between  pass-  and  stop-bands  of  a factor  (I  - 1),  regardless  of  the  number  of  filter  stages 
(Buss,  D.D.  et . al.,  1R7S).  lhe  effect  upon  correlator  performance  is  somewhat  more  signal  dependent  but 
charge  transfer  inefficiency  is  known  to  cause  a slump  in  the  correlation  pea k and  a corresponding 
increase  in  sidelobe  significance.  It  has  been  suggested  (Russ,  0.0.  et . al.,  Id/j)  that  in  certain 
correlation  applications  an  N,  product  of  2 is  tolerable 

Random  gain  errors  in  the  multiplication  process  are  analogous  to  fap  weight  errors  in  split-gate 
filters  and  as  such  may  be  expected  to  impair  stop-band  suppression  in  frequency  filtering  applications. 
Correlation  applications  are  more  tolerant  to  these  errors  which  become  attenuated  by  the  'processing 
ga  . n*  (Ni ) of  the  f i 1 ter . 

Quiescent  offset  errors  in  both  the  signal  and  reference  channels  appear  as  such  at  the  convolver 
output  for  suitably  large  time-bandwidth  products.  Taking  for  example  quiescent  reference  errors,  ,\r, 
the  net  output  error  will  be,  s..\r,  where  the  bar  denotes  an  average  value.  Clearly,  such  errors  may 
be  reduced  or  eliminated  where  either  sequence  can  be  chosen  to  have  zero  mean  value. 

The  signal  distortion  term  imposed  by  the  finite  output  acquittance  of  the  multiplier  driving  stages 
unfortunately  precludes  a general  linear  analysis  of  the  resultant  error,  lhe  effect  of  this  distortion 
may  however  be  demonstrated  in  frequency  filtering  applications  where  a pure  sinusoid  is  applied  at  the 
input.  Then,  from  equn. (4 . 4 .4) , we  may  expect  at  the  output  d.c.  (zero  Hz)  and  second  harmonic  distortion 
components  of  magnitude  | H(o)  | /9q  and  Jp  | H(  .'„>)  | /g0  respectively.  In  correlator  applications  additional 
correlation  peaks  are  to  be  expected  whenever  a match  is  detected  between  the  generated  harmonic  signal 
component  and  the  reference  waveform. 

lhe  refreshing  and  subsequent  decay  of  reference  values  results  111  a modulation  of  the  output 
waveform.  As  this  process  is  not  generally  synchronised  with  the  incoming  data  sequences  it  appears  as 
a form  of  noise  at  the  output.  Naturally,  the  magnitude  of  this  noise  is  directly  related  to  the  decay 
rate  and  update  frequency  of  the  reference  samples;  these  factors  determine  the  maximum  number  of 
reference  points  which  may  be  updated  sequentially.  Thereafter  reference  refreshing  must  take  place  in 
parallel  blocks. 

Although  several  potential  error  sources  have  been  identified  here  it  is  clear  that  not  all  of 
them  will  be  applicable  to  any  one  application  of  the  device.  In  qeneral,  frequency  filtering  applications 
requiring  large  stop-band  attenuations,  are  more  sensitive  to  these  errors.  Matched  filtering  (correlation) 
appl i cat  ions,  however  are  considerably  more  tolerant  to  random  errors  which  become  attenuated  by  the 
'processing  gain'  of  the  filter;  generally,  the  only  significant  errors  are  those  which  correlate  with 
either  the  signal  or  reference  sequences. 

4.7  Implementation 

lhe  parallel  system  circuit  principles  outlined  in  this  paper  have  been  applied  to  the  design  of 
a monolithic  programmable  transversal  filter  for  use  in  a variety  of  signal  processing  systems.  A block 
diagram  of  the  proposed  device  structure  Is  shown  in  Tig.'),  which  may  be  compared  directly  with  the 
system  diagram  of  fig.  1(b)  The  tapped  It'D  delay  line  feeds  one  port  of  a register  of  MOM  multiplier 
elements . The  reference  port  is  similarly  driven  from  the  static  register  the  elements  of  which  are 
updated  individually  from  a multiplexed  analogue  reference  input  busbar.  Provision  is  made  for  the 
reference  values  to  be  feedback  linearised  at  the  multiplier  |Hirts  via  a similarly  multiplexed  feedback 
busbar. 

The  feasibility  of  this  filter  structure  has  been  verified  by  construction  of  a j.’-|>oint , hybrid 
correlator  (Mavor,  J.  et . al  , l'>77)  using  a discrete  CCD  tapped  delay  line  and  monolithic  MOM 
multipliers,  lhe  output  of  the  device  when  used  as  a matched  filter  to  correlate  a linear  I .M  chirp 
is  shown  In  fig. 10.  this  output  waveform  agrees  well  with  the  expected  sine  x response  and  demonstrates 
the  suitability  ot  the  device  for  correlation  applications,  frequency  filtering  is  also  feasible, 
although  these  appl icat ions  depend  greatly  upon  the  accuracy  and  uniformity  of  the  multiplier  elements. 

Such  results  will  be  reported  more  fully  in  tin'  future. 

The  design  of  a completely  monolithic  h4  point,  proqratmiahle  transversal  filter,  shown  in  lig.11 
has  been  rowniss toned  and  is  now  in  evalu.it  ion.  A single  correlator  cell  including  reference  address 
decode  logic  is  120  mils  long  with  a width  (pitch)  of  ,’.,’4  mils.  The  complete  Integrated  circuit 
measures  180  mils  x ITO  mils,  including  an  experimental  on-chip  M0S  clock  generator  and  operational 
amplifier.  An  updated  design  is  planned  on  a two  level,  polysi 1 1c on  process  with  a potentially  higher 
packing  density  which  is  expected  to  yield  a ,'Sh  point  correlator  on  a chip  less  than  200  mils  square. 

These  devices  are  case  actable  and  as  such  a single  board  correlator  ot  up  to  2000  points  mac  be  envisaged 
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5.  CONCLUSIONS 

It  Is  clear  from  the  ever  advancing  progress  of  Integrated  circuit  development  that  advances  in  the 
hardware  implementation  of  systems  will  lead  to  more  compact  and  effective  realisations.  In  this  paper, 
the  application  of  microcircuits  to  convolver  modules  has  benefit  ted  from  the  availability  of  digital 
L.S.l.  and  the  potential  of  custom  CCD/MOS  technology  in  analogue  form.  Although  developments  according 
to  the  latter  approach  look  of  great  potential  presently,  undoubtedly,  the  availability  of  compact,  high 
performance  multiplier  hardware  would  seriously  affect  the  viability  of  the  analogue  approach.  However, 
where  space  and  weight  is  at  a premium,  the  realisation  of  a convolver  with  modest  performance  may  still 
be  a useful  proposition.  This  could  be  required,  for  example,  in  mobile  surveillance  applications  where 
space  restrictions  limit  the  hardware  to  a three  chip  system:  one  chip  could  be  a CCD  imager,  another  a 
CCD/MOS  convolver,  and  the  third  a post  processor  (in  bipolar  or  MOS  technology).  Clearly,  the  future  of 
the  analogue  approach  is  dependent  upon  the  market  requirements  and  the  interest  shown  in  compact 
processors. 

This  study  has  indicated  that  analogue  device  design  has  many  possibilities  when  directed  to  process 
time-sampled  data.  It  has  further  shown  that  an  analysis  of  the  errors  in  such  a system  is  imperative 
before  the  operation  of  an  analogue  convolver  can  be  properly  assessed.  Such  work  needs  to  be  extended 
in  the  light  of  other  prototype  measurements  before  the  full  limitations  of  the  approach  can  be 
determined. 

Where  the  precision  of  processing  is  of  paramount  Important,  LSI-based  digital  hardware  can  be  used 
to  effect  to  produce  a relatively  compact  convolver.  Single-chip  multipliers  and  mass  memory  are 
increasingly  making  the  digital  approach  all  pervading  for  virtually  any  application.  The  advantages  of 
the  prototype  Deltic  processor  described  in  this  paper  were  clearly  evident,  and  had  the  merit  that  all 
operating  parameters  could  be  extended  very  easily.  Thus,  in  the  longer  term,  the  digital  approach  may 
supersede  analogue  approaches,  but,  analogue  device  research  will  continue  to  show  interesting  possibilities. 
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Matched  filtering  of  chirp  waveform  using  a.’  point  hybrid  convolver 
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Drawing  of  a monolithic  b4  point  analogue-analogue  programmable  transversal  filter 
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t opcland 

,•  i an  you  comment  on  coin  dy  nainic  range  What  is  the  signal-to-noise  ratio’  Is  there  an>  consideration  of 
linearity  in  your  dynamic  range  lor  the  moment? 

Author's  Keply 

With  teed  hack.  Imeari/ation.  see  find  that  the  linearity  is  preserved  in  the  dynamic  range 

I In  dy  namii  range  was  measured  through  the  autocorrelation  of  square  w ave,  providing  a peak  signal,  and  we  then 
detect  the  eltedive  KV1N  noise  level 

I he  limitation  at  the  present  is  probably  the  decay  on  the  sample  hold  capacitor.  1 his  represents  the  major 
problem  I he  breakthrough  between  the  driven  clock  gate  and  the  Hooding  gate  on  the  CCD  probably  reduces 
the  dynamic  range  and  causes  a certain  amount  ot  spurious  signals 

I minims 

li  vou  rely  on  using  your  device  in  adaptive  signal  processing  (lor  example,  sidelobe  cancellations)  you  need  a 
precision  on  your  weightings  coefficients  Which  precision  can  you  obtain  in  your  multiplier? 

Vuthor's  Keply 

Ditlicult  to  quantify  We  have  looked  at  the  autocorrelation  ol  two  square  waves  and  the  triangular  output 
is  nearly  perfect,  which  means  within  one  percent 

We  need  500  samples  to  measure  before  making  a judgement 
Name  unknown 

Can  you  comment  on  power  consumption'' 

Author's  Keplv 

I he  total  power  is  550  milliwatts 
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ABSTRACT 

Ibis  paper  discusses  the  combining  of  SAW  and  CCD  technologies  to  produce  a hybrid  sinn.il  processor  cap- 
able  of  performing  bandwidth  compression  on  signal!  of  short  t imr  duration  while  maintaining  their  phase 
iflationshlps.  The  devices  used  In  fabricating  a feasibility  brassbi  rd  are  described  and  test  results 
influencing  the  design  of  such  hybrid  processors  are  presented. 

1.  INTROOUn  I on 

tills  paper  presents  the  result  of  a program  to  develop  a "SAW/CCD  High  Speed  Signal  Digitizer"  for  the 
. . Ai  ■ tronlcs  Com  ind  by  the  loetr  nlcs  Research  Division  of  Rockwell  International  Corporation. 

• f >1  lowing  paragraphs  will  describe  the  particular  device  used  to  develop  an  exploratory  model  ol  this 
advanced  s ignal  processor.  The  indicated  processor  represents  a unique  marriage  of  SAW  and  CCD  capabili- 
ties to  accomplish  a signal  processing  function. 

?..  TECHNICAL.  BACKGROUND 

Surface  acoustic  waves  and  charge  coupled  devices  are  two  relatively  recent  technologies  that  have  matur- 
ed at  about  the  same  l III*-.  When  applied  to  the  area  of  signal  processing,  (hey  have  frequently  been  view 
ed  as  competitors.  In  fact,  there  are  several  areas  of  signal  process ing  where  they  a tv  complementary- -to- 
gether extending  the  processing  power  to  a point  that  one  alone  could  not  achieve. 

I lie  t r ability  to  complement  arises  directly  from  their  characteristics . SAW  devices  a tv  passive,  ttasshand, 
fixed  coded,  large  dynamic  range  components.  They,  in  general,  have  wide  applications  to  analog  signal 
processing  functions  of  large  tine-bandwidth  products  and  specific  fixed  operations.  SAW  technology  a 
ch loves  lame  time  bandwidth  products  via  short  Interactions  time  processing  of  wide  bandwidth  signals. 

The  passive  nature  of  SAW  devices  gives  them  a large  linear  dynamic  range  capability.  Their  fixed  coded 
structure  has  resulted  in  good  parameter  reproducibility.  SAW  devices  operate  directly  at  IF/Rt  fre- 
guencles  resulting  In  significant  reduction  of  equipment  sl/e  and  lexlty. 

CCDs  are  active,  baseband,  variable  rate,  fixed  dynamic  range  component  They  are  sampled  analog  pro- 
cessing devices  featuring  long  interaction  time  process  tgg  at  restricted  uulwldths.  Their  linear  dynamic 
range  Is  a function  of  the  speed  at  both  extremes  of  operation.  The  high  >reod  signal  Is  limited  by  the 
slow  rate  of  the  devices,  and  the  low  speed  is  limited  by  thermal  filling  of  the  wells. 

Individually,  the  characterls t i cs  of  SAW  and  CCD  devices  are  contradictory . yet  many  systems  have  require 
menls  which  contain  just  such  built  in  internal  contradictions. 

bis  paper  discusses  the  combining  ol  SAW  and  CCD  technologies  to  produce  a hybrid  system  capable  of  per- 
forming bandwidth  compression  on  signals  of  short  lime  duration  while  maintaining  their  phase  ivlat  Kinships. 
A feasibility  brass-board  system  lias  been  built  using  proprietary  Rockwell  International  SAW  amt  high  sneed, 
bulk  channel  CCD  components.  All  other  devices  used  consisted  of  low  cost  off-the-shelf  components,  lhe 
program  objective  was  to  develop  a state-of-the-art  processor  with  currently  available  hardware. 

.1  HYBRID  SAW/ CCD  SIGNAL  PROCESSOR 

The  processor  discussed  in  this  paper  Is  a pulse  burst  analog  to  digital  converter  with  a high  speed 
serial  Input  and  a lew  speed  serial  output.  The  processor  will  accept  a 5 usee  pulse  burst  from  an  II 
amplifier  with  15  MHz  bandwidth  at  a .10  MHz  center  frequency. 

The  IT  input  will  be  stored  and  time  multiplexed  by  a surface  acoustic  wave  tapped  delay  line  as  shown 
In  figure  I.  The  SAW  line  converts  the  serial  analog  Input  to  four  parallel  synchronous  analog  outputs. 
Alternately.  It  can  he  viewed  as  providing  four  data  block-.  I.?5  usee  long  (the  tin*'  delay  between  con- 
secutive taps).  In  addition,  the  SAW  line  provides  band  limiting  as  an  II  filter  complementary  to  the  II 
Input . 

1 u;h  data  block  Is  fed  Into  a 128  Register  CCD  sampled  analog  delay  line  through  a buffer  amplifier,  lhe 
buffer  stage  provides  a signal  level  wnlcli  matches  the  input  Impedance  and  signal  level  requirements  ut 
tin-  Cell  In  order  t minimize  any  overall  loss  of  dynamic  range  Since  the  highest  frequency  component 
ot  the  input  signal  Is  37  > MHz,  the  waveform  can  he  preserved  il  it  is  sampled  at  greater  than  \ 17.5 
MHz  * 9 3 . 75  MHz.  lor  this  reason,  each  CCD  register  is  driven  by  a lo;\4  MHz  input  clock.  Since  each  CCD 
Is  sampling  a 1.25  usee  block  it  the  10?.  A MHz  rate,  each  CCD  will  store  l?i!  analog  samples  for  a total  of 
51?  signal  samples. 

Ilinso  particular  frequencies  have  been  chosen  to  maintain  a binary  number  relationship  between  the  input 
sample  periods  and  the  sampling  readout  periods.  (Considering  5 us  to  be  I/,  of  10  us  and  1.25  us  to  be 
I/ll  ot  10  us,  they  and  the  102.  MHz  and  I?;'  samples  all  share  the  power  ot  .’  tv  lat  ionship) . Ibis  greatly 
simplifies  the  associated  control  logic  ind  ould  even  allow  the  clocks  to  lie  phase  locked  to  a 100  kHz 
frequency  standard. 
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Wh#n  t ho  out  1 ro  data  blo*k  is  loado.l  into  tho  l UK,  tin'  c lo*  k shifts  to  low  sjiood  tor  t ht*  ivadout  j»has** 
1 ho  output  of  t ho  ill's  is  s.annod  by  a foul  Input  mill  t Ijiloxoi  and  jirosontod  to  tho  samplo  and  hold 
modulo  and  thou  to  t fit*  ana  loq  to  dt.jltal  **mvo»toi  Hu*  t tmo  rol.it  1 onshijt  of  t fio  inKj1n.il  sKjn.il*.  ,iro 
now  mul  t i j*lo xod  so  tfi.it  tfu*  tom  Input  * funnels  ajijmat  .is  thoy  n.ivo  boon  storod  in  tho  UIK,  ji  o . s.nn 
j'los  I,  l.W,  .’*>/,  WS . , I 10,  .“»h,  l,*q. , I Ihoso  sKjn.ils  ,i»o  thon  loaded  into  .i  0Kjit.il  mornot  v in  .i 

.n.mnoi  tfi.it  .temut  t i plesos  thorn  so  tfi.it  a.l'a.ont  samplo  poriod  ajipoat  In  soquontf.il  momory  Ku.it  Ions 
Ihis  memory  i.iii  ho  soqoont tally  tvad  out  m two  w.ks  (1)  through  .i  OKjit.il  to  .in.ilinj  lonvottoi  to  t*«  o 
vlOo  .in  .in.iloij  roprosont at  ton  of  tho  1nj»ut  w.ivotonn,  oi  f.‘)  throuqh  .in  h bit  OKjit.il  port  It  i .in  .ilso 
t'O  * .iiiOivm! > .iiiossoO  tfmniqh  .in  ostorn.il  .lOOross  bus 
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I ho  rtjipi  iMi  f)  usoO  In  this  proqi  am  w.is  to  uso  pivviously  OovolopoO  * omponont s whonovoi  j»oss1t»lo  Ihoso 
* omponont s fi.ivo  t'oon  ,isson<»loO  to  form  .in  onO  Horn  tfi.it  has  i .ip.il*  i lit  I os  f.n  .jioatoi  than  .my  of  tfio  in 
OlsiOu.il  t touts  I ho  Orfvos  .inO  . ontrol  loqfi  ionslsts  of  st.mO.irO  hi  loqi*  tntoiji.itoO  iitvuits  I ho 
oporatinq  sj'ooOs  of  tfiis  prinossot  requlrod  tho  fiKjft  sjiooOs  oht.iin.ihlo  with  111  tot  tfioso  turn  t tons  I ho 
I .s*  spooO  toad  out  mult tploxot  .inO  A 0 lonvoitoi  lonsfst  of  st.inO.uO  hybi  10  btjiol.ii  modutos  I ho  mommy 

is  . omjioso.l  of  st.mO.iiO  Ml's  st.itK  momory  olomonts  I ho  *ustom  lomjiononts  usoO  fo»  tfiis  proiossm,  .no 
tfu*  sAw  tapped  Ool.iv  lino  and  tfu*  IIP  samplod  .in.iloij  Ool.iy  lino 


l ho  t .ippoO  .k*l.iy  lino  shown  in  fl.juio  * usoO  In  tfio  SAW  ill'  hvhrlO  juo.ossoi  ionslsts  of  nlno  fi.il  t ph.iso 
ivvorsoO  ^l  .*  PN1 ) , tr.insOuiors  with  oKjht  tln.jois  oath  Ihoso  transOuiors  art*  sopar.itoO  t*y  44  IP  un  , 
ijfvlnij  a itol.iv  tin**  on  lithium  ntoh.ito  h INbO*)  of  l usoi  MNbilj  was  i hoson  as  tho  |iio.'ooloi  t r K suh 
sti.ito  mat  o rial  In  or  dor  tomtnfnii/o  tnsort  Km  loss  at  tho  largo  ti.iition.il  han.fwKlth  it*ijufioO 

bandpass  Oata  obtamo.1  is  stuvn  in  f Kjuros  t and  4 I ho  passhand  shown  in  flijuro  t was  obtained  witfi  un 
tuno.1  t rails*,  n ors  whilo  tho  Oata  shisvii  In  I Kjuro  4 was  taken  witfi  hotfi  t ransOui  oi  s t unoO  to  imtoi  fro 
ijiN'ih  y y U)  Ml/)  If  is  roddily  appatvnt  that  tun  tin)  ivOui  os  tfio  Insort  Ion  loss  hv  about  1 1>  Oh,  anO  hotfi 
nai  i tvs  and  flat  tons  tho  j'.issbanO  I ho  flat  ji.isshanO  hotwoon  tho  throo  Oh  points  of  tfio  t unoO  Oovko  is 
1 1 s Ml:,  whilo  tfu*  i onvspondtnq  untunoO  ji.isshanO  is  Is  Ml:  I ho  t unoO  OovKo  is  iloarly  proton  oO 

howovor,  hoi  auso  of  low  insortion  loss  ( .‘0  Oh),  anO  flat  passhand.  ( Un*  untunoO  i aso  ftas  a dtp  In  tfio 
.ontoi  ahout  s Oh  holow  maximum).  hotfi  tunoO  and  untunoO  ..isos  aqtvo  i losoly  with  tfioorotK.il  i.iliula 
t Kms  hasoO  on  tfio  "»  K'ss  Mold"  transOuior  modol  Somo  rlpjilo  will  ho  notoO  in  tfu*  I'.nsb.ind  lfiis  is 
Ouojrtmartly  to  hulk  anO  othoi  ivt'lo*  lions  As  no  s j*oi  1 a I ottort  was  mado  to  roOmo  thoso  oftoits  »1wi  in.| 
tho  initial  i nvos  1 1 ijat  Kms , tfu*  jmvsoiho  Of  tfio  rlj'j'lo  is  not  surprising  In  tfio  final  assomhly,  i aro  was 
takon  to  minimi  :o  tfiost*  spurious  of  foils 

In  oi  »loi  to  moot  tfu*  hiijfi  fivguomv  ro.jui  romi'iits  of  tfiis  sl.jnal  juvi  oss  Imj  task,  a hulk  * hannol  (j»oi  istal 
tKl  u|)  was  .hoson  Su*  h dovleos  hast*  boon  fahrKatoO  and  oj'oi  *k*0  up  to  froguon.ios  of  .MO  Mi:  In  tfu* 

100  Ml:  range,  ifiar.jo  transtoi  offiiton.tos  In  os.oss  of  0 'h)g*)4  ju*i  qato  havo  boon  ohsorvod  witfi  tfioso 

.toyl  * «*s 


Iho  I'lil'  was  first  .love lt»|»Oif  at  Kiukwoll  for  a task  vory  similar  in  opor.it  ion  t «*  tfio  ono  being  a.Mrosso.l 
in  tfiis  j'.ij'o*  lho  i.ij'tuiv  of  intorm.it  1 on  from  a hiijh  troguomy  huist  lhls  in*i  oss  1 1 atos  oj»oiatin.j  tfio 
1 1 0 in  a hl.jh  tioijutniiv  mo.lo  durinij  information  iv.iil  in  anil  thou  switifnmj  to  a low  t I'oguon*  y mmit*  foi  in 
formation  ioa.1  out  Out*  to  tho  suuoss  of  tfiis  oarlior  umiortak imj , tfio  oxtsting  fil.jfi  fivguon.y  ul'  units 
wor?*  i hoson  to  minimi/o  tfu*  .ost  to  this  jiroijram  and  to  allow  at  tout  ion  to  ho  foiusod  on  tfu*  oju*»ation  of 
tho  sAW  ill'  hybrid  jirmossoi 

Normally,  ill'  .tovKos  transtoi  tho  filial  jiortion  of  ihartjo  undo*  a qi  von  qato  from  a lo.ation  whiih  is  so 
noai  to  tfu*  transtoi  qato  surt.uo  that  tfio  ofto.t  of  tfu*  tr.insvorso  Mold  is  nogltgtbly  small  lhls  t*ff 
o»  t limits  tfu*  iijioiatin.j  sjioo.l  with  whKh  .joo.t  transtoi  otfKion.y  .an  ho  obtain**.!  to  aroun.l  .M  Mi:  In 

or.lot  to  oporato  at  hiqhor  troquomios,  I sso»  int  rodusod  tfu*  jiorlstalti*  itOwfiKh  transtors  .fiar.jo  In  a 
. hannol  sovoral  ml*  isms  tu*l.*w  tfu*  surt.iu*  Ifi  is  * onf  Kjurat  1 on  was  obtain**. I by  us  inn  opitaM.il  I ay  ors 
qr.*wn  on  s 1 l K on  sutistrat**s  ho*  auso  tfu*  transv*»rs*»  **lo*tri.  ti**l»l  is  vory  stronu  at  tfu*  yfiar.j**  t t ans 
for  aroa,  tfu*  vharqo  * an  ho  most*. I vory  raj'KIly  out  of  «*a*  h .**11  and,  thorotoro,  tins  t y ju*  *'t  *iP  has  h«***n 
oi»orato.i  at  vory  hiqh  tivqut'iuios 

lfu*  »lo  v K **  usod  ho  tv  is  a l.‘h  *oll,  foui  j'haso  ul'  It  was  tahruatod  usinu  an  N tvj***  «*jnta\ial  lay*** 
qi.*wn  on  i*  typo  s 1 l K on  lfu*  »l*ij'ln*|s  of  thoso  lav  ors  w***v  Islp)*'  and  ' » s l y 1 1 * * *m  rospo*  t i v**ly  A *i**ss 
so.tfonal  slow  of  tfu*  d*»s  Kjn  is  sh**wn  in  f iquro  S A tout  j'haso  ovoi  l.ij'jH*.!  A j*r*maqat  i**n  .jato  stem  turo 
was  omployo.l  as  tfu*  driylmj  struvtuiv  ho*  auso  tfu*  doyi.o  was  Intomtod  t*u  fn.jfi  sj*ood  oj***iatKMi,  *jat«* 
lonqth  pn  tfu*  «1tro*tion  of  jiropaqat  ton)  was  rna.l**  a*,  small  j»ra*  t i*  ahlo . i o , 0 .*  mils  lfu*  total  » o 1 1 
U'injth  .ousts  tin.)  of  4 qatos  is  0 h mils  lfu*  y hannol  width  is  111  mils  in  ordor  to  proy  i.l«*  suttl*i**nt 

.harq«*  pot  .**11  Koton  itnj  to  tfu*  t iquro,  t fit*  first  qato  on  tfu*  loft  is  us«*.l  as  an  input  **'nti\il  «*l«*. 

trodo  A t'uilt  in  III  amplifior  has  h«*on  d**sK|iiod  into  tfu*  strmtuio  as  an  output  lho  .omploto  *f'ip 
.onsistin.j  of  two  Pill's  and  auxiliary  t**st  . 1 r.  ultry  is  sfi.svn  In  tfu*  j'hoto  of  I K:  iro  t*  Iho  I'*  diffusion 
.i » .mud  tfu*  ill'  * hannol  a ts  as  a * honno  I stoj*  in  or.loi  to  * out  a in  tfu*  a.tivo  . fiar.jos  Out  si  do  tfio  P* 

* hannol  stoj*  is  an  N*  diffusion  whi.fi  tun.tK'iis  as  a loakaq**  sink 
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fh»*  data  loa.fout  inuffon  of  tho  juo.osso*  sh.nvn  in  f t.jui**  I .an  h<*  **»nfi*|urod  Hi  sot  ora!  dfffoivnf  ways 
lfu*  .imi'lost  * **n*  opt  ual  I v is  sinql**  * hannol  ond  to  ond  n*a*lout  usin.j  tho  1 1 l'  as  a t«'uo  anal.uj  shift  k* 
.jistot  tho  outjmt  of  o.i*  h *v.itst«*i  y.ould  ho  fo.l  to  tho  Input  of  tho  no\t  ivqistoi  and  finally  to  tfu* 

\ P tonvortoi  Nu.  h a . on  f kjui  a t K*n  automati.ally  rt*stor**s  tfu*  t kin*  oi  »1«*i  of  tfu*  data  s.tmj*los 

A low  spood  all  III  y«*»s1on  of  tfu*  Unjl*  and  .lo.k  dovKos  foi  ill'  oporat  ion  was  . ons  1 1 u*  t *'*i  durum  tfu* 
oarlv  portion  *'f  tho  jmujram  to  qain  woikm.j  *»xj»or  ion*  o with  tin*  ill's  *'ju*rat  imj  in  tfu*  fast  load,  sl.*w 
unload  mo.lo , and  to  work  out  tfu*  d«*tails  of  tntorf  a.  in.j  tfu*  SAW  and  til'  doyi.os  Mils  intorm.it  ion  was 
also  n**«*d«*d  to  dt'si.jn  tfu*  Intorstaqo  notwoiks  that  would  multiplox  hotw«'on  tfu*  SAW  input  in  tfu*  hi.jfi 
s i***o  d load  mod**  and  tfu*  output  of  tho  pro* . »*dm.j  Ml'  in  tfio  l.*w  sjioo.i  loa.lout  im'do 
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During  these  tests,  tt  was  determined  that  a slightly  different  ope  rat  (mi  point  (bias  voltage  setting), 
is  required  to  optimize  each  of  these  two  loading  conditions  The  reason  for  this  can  he  readily  seen 
for  at  least  one  setting  by  comparing  the  input  currents  required  during  the  load  mode  The  CCfl  can  be 
considered  to  require  a certain  quantity  of  charge,  g,  for  each  sample  of  the  input  voltage  entered  into 
the  analog  delay  line"  If  N samples  are  to  be  entered,  (in  this  case  12(1).  the  total  charge  required 
will  be  Ng  (i.e..  U’tlg),  independent  ot  the  time  required  to  deliver  this  charge.  If  the  tin**  period 
over  which  this  charge  is  delivered  is  varied,  (in  this  case  by  a factor  of  1 215-  from  a 102.4  MHz  input 

sample  rate  to  a 000  Miz  output  sample  rate),  the  input  current  to  the  device  must  also  be  varied.  This 

i current  is  typically  supplied  by  a constant  current  source  to  reduce  the  effect  of  temperature  variations 

of  the  input  diode.  Therefore,  the  constant  current  generator  would  have  to  be  varied  with  the  input 
clock  rate.  Ibis  variation  can  be  accomplished  by  coupling  a portion  of  the  clock  into  the  input  current 
generator  to  convert  it  to  a "pulsed  constant  current"  source. 

Observations  made  during  the  operation  ot  the  low  speed  it H operation  indicate  that  there  are  also  some 

interactions  between  the  input  current  variations  and  the  other  bias  parameters  involved  in  the  CCD  that 

would  preclude  the  simple  adjustment  ot  current  being  the  oi  ’v  corrections  to  be  made  to  compensate  for 
changing  the  input  rate. 

Because  ot  these  indications,  it  became  desirable  to  re-evaluate  the  method  of  handling  the  data  during 
the  unload  phase  ot  operation  to  set*  if  there  wa*.  a simple,  reliable  wav  to  avoid  feeding  the  data  from 
one  CCD  to  another,  and  still  retain  the  time  order  of  the  output  digital  data 

One  method  was  to  clock  out  one  CCD  at  a tin**  Ihis  retains  the  tin**  order  of  the  data,  but  would  re- 
quire that  the  number  of  CCDs  be  doubled  since  two  are  packaged  to  share  the  same  clock  drive  signals 

this  would  also  tvquire  additional  driver  circuits  for  those  extra  CCDs 

Another  simple  alternative  method  is  to  clock  all  the  CCDs  together  and  multiplex  their  outputs  to  the 
A !’  converter  (or  provide  separate  A-D  converters  for  each  CCD  channel).  This  is  a simple  hardware  solu- 
tion. but  will  result  in  in  output  that  has  the  four  data  channels  in  a tin**  multiplex  format.  If  the 
data  is  to  be  presented  directly  to  a computer  for  analysis,  this  does  not  present  a significant  problem. 
However,  it  the  data  is  to  ho  examined  manually,  it  provides  a small  complication. 

It  the  data  is  to  be  examined  manually,  either  by  stepping  through  with  a digital  readout,  or  to  be  re- 
corded using  an  analog  device,  (i  e , strip  chart  or  oscilloscope),  it  is  further  necessary  to  provide 
son**  storage  media  fur  the  signal  since  it  must  be  read  from  the  CCD  in  a matter  of  a few  milliseconds 

to  avoid  any  problem  from  thermal  filling  of  the  wells.  Ihis  memory  can  then  be  used  to  demultiplex  the 

data  hv  partitioning  the  memory  space  into  four  sections  and  loading  data  from  each  CCD  into  the  proper 
section.  The  memory  can  be  read  out  by  cycling  through  from  one  end  to  the  other,  thereby  restoring  the 

proper  tin*1  sequence  to  the  data  In  addition,  since  this  memory  is  a conventional  digital  memory,  and 

not  subject  to  tin*>  decay,  it  can  be  held  for  any  convenient  time  and/or  cycled  continuously  to  provide 
a simple  repetitive  readout  of  the  input  signal.  This  can  be  passed  through  a D-A  converter  and  then 
displayed  on  a conventional  oscilloscope  spectrum  analyzer  or  other  analog  devices. 

The  last  alternative  method  is  a variation  of  the  foregoing  where  separate  parallel  channels  of  A-D 
converters  and  memory  replace  the  multiplexing  system.  The  main  advantage  of  such  a system  is  to  in- 
crease the  readout  speed  of  the  processor  but  at  an  increase  in  cost. 

The  multiplex  version  as  shown  in  figure  7 has  been  used  in  this  demonstration  project  to  minimize  costs, 
b.  PERFORMANCE  LIMITATIONS 

The  limits  of  performance  are  determined  by  three  major  considerations.  The  first  of  these  is  the  charge 
transfer  rate.  This  is,  in  practice,  limited  by  the  maximum  drive  rate  that  can  be  applied  to  the  trans- 
fer gates. 

the  transfer  gate  structure  of  a CCD  appears  as  a relatively  large  capacitance  that  must  be  charged  to 
different  voltage  levels  to  accomplish  the  transfer  of  charge  down  the  CCD  propagating  structure.  When 

!this  capacitance  must  be  charged  at  a high  frequency,  the  process  requires  switching  large  currents  and 

can  consunv  a considerable  amount  of  power.  Typically,  the  drive  circuits  for  a CCD  will  dissipate  up  to 
.’0  watts  per  channel  when  operating  at  100  MHz. 

As  a result  of  this  power  dissipation  level,  it  has  been  the  general  practice  to  only  operate  the  drive 
circuits  during  actual  device  operation  periods  and  keep  the  circuit  in  a stand-by  mode  at  othe  ■ times. 
This  results  in  a complicated  logic  being  required  and  can  lead  to  loss  of  data  under  some  circumstances. 
Because  of  this,  an  attempt  was  made  during  this  program  to  design  a drive  circuit  that  would  develop  the 
necessary  drive  voltages  at  100  MHz  and  not  dissipate  large  amounts  ot  D.C.  power  when  operating  at  low 
drive  frequencies.  This  would  eliminate  the  requirement  to  start  and  stop  the  drivers  and  would  result  in 
lower  overall  power  dissipation  in  the  circuit. 

Ihe  most  promising  circuit  Investigated  thus  far.  is  using  a complementary  emitter  follower  circuit  to 
drive  the  load  capacitance.  Ihis  circuit  only  dissipates  power  during  the  actual  transition  period  between 
high  and  low  states.  If  the  input  signal  is  driven  to  nearly  the  supply  rails,  very  little  power  is  con- 
sum'd during  the  high  or  low  states.  Major  effort  in  this  direction  has  been  to  identity  complementary 
transistors  suitable  for  this  type  of  operation. 

Ihe  second  performance  limitation  is  due  to  the  charge  transfer  efficiency.  Ihis  factor  has  been  men- 
tioned previously  to  be  0. *19994  for  the  device  being  used  here.  When  this  level  of  efficiency  is  applied 
to  all  l.’B  transfers,  the  overall  efflciencey  Is  still  0.9923,  which  is  sufficient  for  this  application. 

Ihe  third  performance  limitation  is  device  noise  characteristics.  These  include  thermal  filling  as  well 
as  clock  feedthrough.  Any  other  spurious  signals  that  may  be  encountered  also  add  to  the  noise  level. 
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In  this  paper,  tho  teaslbl  1 1 tv  ot  combining  SW  and  t i ll  devices  has  been  discussed,  ,unl  .1  hybrid  high 
speed  signal  digitizer  h.is  horn  characterized.  ln1tl.il  tost  results  confirm  fo.is  Ibl  1 1 1 v . lurther  tost 
data  will  ho  .iv.ill.ihlo  .it  t ho  tint'  ot  pivsont.it Ion. 

Iho  major  problem  encountoivd  to  date,  resides  in  tho  dr  Ivor  circuits  tor  tho  propagat  Ion  gates  lib  tain 
lini  Ihv  drlvo  lovols  .it  100  MHz  rato  reguires  powor  vldoo  amp  11  tiers  i.ipahlo  ot  I amp  current  surges 
1 ho  ivsults  of  this  ot  fort  indicates  that  a significant  .ivtv.int.mo  is  ohtalnod  by  combining  two  comple- 
mentary technologies  into  ,i  hybrid  fonn  to  achtovo  both  wide  bandwidth-  and  l.mio  Interaction  t i nw*  pro 
cess  I mi  Whllo  a relatively  si«i|ilo  signal  c.ipti/iv  and  digitization  function  was  cons  I tiered  In  this  papoi 
tho  iv.il  potential  advantage  ot  this  hybrid  technology  concept  lies  in  Its  application  to  complex  slg 
nal  processing  functions  ivgulrtng  both  wlvlo  piv  detect  ion  banvlwldths  and  long  signal  interaction  t lines. 
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A prot  ot  \ pe  *>  stem  has  be  on  impl  ement  ed  to  tlcmoiust  r.tt  <•  tli.il  t CD ' h can  hr  applied  jdv  mt  agcou*  l > to 

tin*  problem  o t low  power  digital  storage  and  part  iculat  l\  to  tin*  problem  o t interlacing  widely 

ijtviog  .lit  i rate-.  SK  I*  i f It'D  .iiilt  register  memoi  it*  . we  t e used  to  construct  a feasibility  model 

..’S  K-bit  butter  wiikm  y sv  .tern.  Seri  il  data  that  van  have  rates  between  l‘>0  kHz  and  u.l>  MM/  can  be 

>t-ted  U’  *K  bit.  randomly  in'i'v.  ible  me  mot  y block:..  Peak  powe  i dissipation  during  a dat  a t ran.  let 

i -•  less  thao  W,  while  idle  power  i . approx  imat  e l v *'  . •«  W.  lire  system  I nature,  automat  ic  data  input 
■ y : chron  i .*  at  ion  with  the  r e c 1 1 cu  1 at  ing  CAD  nrniory  block  . t .tit  addle...  Sy  .tern  expansion  to 
accomodate  pat  at  lei  inputs  or  i greater  number  ot  memory  blocks  un  be  pet  formed  m a modular 

ta.hi.'i  Since  the  control  logic  doe  not  incte.ise  pt  oport  loita  l ly  to  increase-,  in  memory  capacity, 

the  power  requirements  per  bit  ot  -tor  age  can  be  re.hu  ed  s l gn  i t i cant  l v in  a larger  system. 

I.  I N ( RiUWH  T U’N 

Pat  a leinrdet  -v  .terns  u spaceciatt  ha\e  generally  been  contigured  t o store  serial  dat  a in  tape 

recorder  being  elect romecha  ical  in  nature,  these  systems  place  limitations  on  data  accessibility, 
a.  c«  • .pe.-d,  data  rates,  reliability,  and  power.  Data  may  be  lost  at  the  start  ol  a transfer  since 

a tape  !r  . port  meet,  m ism  van  not  te.poud  i ust  ant  aueou  ■»  l y . Solid  state  memoi  le  • that  are  now 

tei.ibl*  tor  aitbv't  • .md  .paceborue  appl  i c at  ion  . car  -.tpiss  the  performance  and  reduce  the 

l Pi  1 1 at  ion  s . .1  deticiencu's  ol  e led  r omec hail  li  a l .lit  a recorder..  l.ong  term  hulk  storage  ot  data  m 

• pacebotre  ipplu  it  ion  i ••  expected  t .»  utilize  magnet  t,  babble  memotv  system-  as  a replacement  tor 

t »pe  iu  ‘i  »lei  lh  is  type  ot  memory  o\e  comes  any  object  ion  t ' moving  parts,  but  it  still  presents 

d »t  i rate  u d mess  .peed  limitation..  It  is  proposed  that  tdiese  latter  problems  be  overcome  by  a 

•.  tern  ising  a butter  memory  tor  short  term  stor  ige  and  i.  an  interlace  between  data  sources,  that 
*'pet  it  e it  . variety  ot  clock  rati  -,  md  i bubble  nvmors  tor  long-term  storage. 
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'*  b tier  Memory  system  diown  in  Kig.  1 was  designed  lz  evaluate  the  feasibility  ol  developing  a 
iicer  . ile  ii  P >ft  t a l memory  that  would  have  capabilities  that  could  be  adapted  to  a variety  ot 
ippi  1 1 at  ion  . Ihe  te.i.ibilitv  mode  l incorporates  a number  ot  features  or  design  aspect  s that  could 
he  expiuj.-.t  ,*i  vie  let  ed  tv'  uit  the  particular  requ  1 1 . ment  :•  v'  ( .t  number  of  potential  sh  i 1 1 regrsfi-t 
memoi y applic.it  ions.  In  the  following  sect  ion,  the  requirements  ot  a but  lei  memory  are  explained, 
th>-  v apab  i l 1 1 les  id  teat  me-  v't  the  feasibility  mode  l are  outlined,  and  the  system  operation  is 
.le sc i ibed. 

. I . IV  sign  i on  s r der  at  ions 

\ butter  memv'iv  item  is  typically  used  r-  an  interlace  between  systems  that  operate  at  ditleient 
clock  rate;.  It  the  butter  were  configured  in  a system  as  shown  in  Kig.  , the  butter  and  a bulk 

• tor  ige  medium  uich  is  a bubble  memoi  y would  foim  an  efficient  and  vers  at  lie  tape  recorder 
lepl.uement  t>'i  iirborne  and  .paceboMie  « p p l i v at  ions , Ihe  butter  memory  could  accept  serial  data 

•tieim-.  trom  a number  ot  data  source  md  at  rates  in  excess  ol  the  capability  of  the  bubble  memory. 
Ntter  the  dat  i ha.  been  captured,  it  con  1 d be  trausteired  tv'  the  bulk  storage  at  its  own  clocking 
i ate. 

Ihe  v omb  i ne  d -.hot  t term  and  long  term  memory  unit  • otter  extended  capability  compared  with  a simple 
tape  recorder  \ .tern.  Dat  a need  not  be  .ent  directly  from  the  butter  t v>  the  long -term  storage,  but 
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ruthei  to  i c >’ii'|*'it  o i wt»i  cli  could  perform  on-bouid  I it  u procv  ss  ing.  The  pi  oa* ;» :•  1 ng  could  1 align  t 1 oin 
t 1 n-.lv'im  ptOv  » lojt,  ot  data  111a  ly  .1.,  to  1 simple  decision  • to  whether  or  not  the  data  teceived 
I tom  senior  1 • worth  -t  01  mg  in  the  bubble  memory.  Data  could  then  be  routed  back  t torn  the 
computer,  through  the  bullet,  and  on  to  the  bulk  storage.  Ihc  computet  coulil  also  be  used  ( o change 
the  otdei  ot  bio,  k > ot  data  that  are  to  be  1 1 ansdill  t ed . In  these  was  •.  storage  space  in  the  bubble 
memory  could  be  »sed  more  et l it  lent  Is. 

Access  to  a port  ion  ot  the  dat  a held  in  the  long  shift  register  • ol  a bubble  memory  is  lacilitated  by 
dump  icc.  bivk  into  the  b titer  memors  where  it  , an  be  ptoce>.ed  bs  the  computet.  \ lurthei  u ol  the 
arrangement  m Fig.  2 is  to  provide  a greater  range  ol  data  t 1 an. am  1 > s ion  1 r equenc  ies . Data  can  be 
transmitted  direct  Is  trom  the  bubble  memors  at  only  a relatively  low  frequency.  Data  held  m the 
bullet  , hi  t>**  ient  directly  t o the  data  t 1 insmitter  at  a liigh  rate.  Dat  a could  also  he  t tans  let  red 
at  1 low  rate  1 1 om  the  bubble  memory  to  the  butter  tor  re**t  runsmi  1 1 a l it  a higher  trequency. 

With  the  abose  con  1 1 gu r at  1 on  in  mind,  more  >peci!ic  design  cons tde 1 at  ions  lot  a buffer  memory  must  be 
made  be t ot e a prototype  \ stem  can  be  implemented.  Most  system  icquirement  • ate  based  on  the  type  ot 
data  and  the  manner  in  which  it  is  to  he  handled.  Ihus,  the  1 actors  affect  ing  the  buffer  memory 
input  requirement  - are  the  data  format  and  data  rate.  Since  the  start  ol  a data  transfer  may  not  be 
known  betore  the  atriv.il  ot  the  tirst  bit  01  word,  the  bullet  must  be  capable  ol  accepting  data  at 
any  t line  a ,1  with  no  loss  ot  inform  it  ion. 

Output  data  must  have  a lsrm.it  that  is  similar  t o the  input  data.  Dat  a rate  roust  he  variable  but 
independent  ot  the  input  rate;  that  is,  data  written  at  one  rate  may  latei  be  read  out  at  another 
rate.  Whereas  inputs  must  be  captured  inst ant jneeusl v , a certain  amount  of  latency  time  can  usually 
be  tolerated  betore  the  data  output  becomes  valid. 

2.2.  Feasibility  Model  Capabilities 

The  feasibility  ol  utilizing  charge  coupled  devices  as  the  storage  medium  m a butter  mentor,  has  been 

investigated  using  the  Be  1 l "Northern  Research  8K-bit  CCD  (ROSENBAUM,  S.D.  et  al  197*1).  these 

dev  ices  consist  ot  32  dynamic,  rec  1 r cu l at.  ing  shift  registers  ol  2*>6  bits  each.  The  shift  register 
nature  of  CCD's  is  compatible  with  the  serial  data  lormat  of  the  input  data  and  the  bubble  memory 
storage.  A single  channel  with  separate  input /output  is  sulticient  to  evaluate  a serial  memory.  This 
channel  can  handle  either  serial  bit  streams,  serial  words,  or  single  bits  of  parallel  words.  The 
system  can  be  expanded  to  store  parallel  words  bv  having  its  memory  unit  duplicated  as  many  times  as 
the  number  ot  bit  . in  a word,  without  increasing  control  circuitry. 

for  serial  data  storage,  CCD's  offer  advantages  over  other  types  ot  solid-state  memory  such  as  RAM's 
in  that  a minimum  ot  overhead  circuitry  and  wiring  is  needed  tor  the  data  management  logic.  For 
RAM'  address  information  tor  every  word  of  data  must  be  generated.  Data  management  for  shift 
regi  t<is  is  relatively  simple  since  the  storage  locations  for  the  serial  dat a sequences  are 
inherently  ordered  within  the  register.  Address  controls  lor  locations  within  a shift  register  are 
not  needed.  Generally,  CCD  systems  can  operate  at  lower  power  than  RAM  memories  foi  the  same  memory 
capacity  and  clock  rate  requirements.  This  feature  is  of  particular  importance  in  spacecraft 
appl icat ions . A number  ot  design  techniques  to  minimize  the  power  requirements  of  the  CCD  buffer 
memory  system  will  be  discussed.  At  present,  the  prototype  model  dissipates  S.m  W in  its  idle  state 
and  ' W during  a data  transfer  at  its  maximum  rate. 

Since  the  memory  is  comprised  ot  shift  register  ; and  must  be  capable  of  buffering  serial  data  bursts, 
the  memory  structure  is  block  oriented.  A block  size  ol  **096  (uK ) bits  was  chosen  to  encompass  more 
than  tin*  2 S 6 bits  ot  one  shift  register  in  order  to  study  am  data  svnehronizat ion  or  addressing 
problems,  and  data  rate  limitations.  32  data  storage  blocks  were  used  for  a total  buffer  memory 
capacity  of  128  K-bits. 

The  *K-bit  block  size  does  not  impose  a restrict  ion  on  the  length  of  a data  burst  that  can  be  stored. 
The  memory  has  been  designed  to  accept  data  from  one  bit  to  the  length  of  any  remaining  memory 
capacity.  hach  new  burst  of  data,  however,  will  begin  storage  in  the  next  empty  block.  Access  to 
the  memory  blocks  is  made  flexible  by  1 number  ot  options.  Any  single  block  may  be  accessed  at 
random  during  either  .1  WHIT!  or  RF.AD  operation.  More  than  one  block  can  be  accessed,  since  any 
number  ol  blocks  111  any  combination  can  be  formed  into  an  ordered  set.  Fot  example,  it  the  controls 
ire  .et  to  make  the  ent  ire  memors  accessible  during  a WRITE  0per.1t  ion,  data  will  be  stored  initially 
m the  first  empty  storage  block.  It  the  input  data  stream  exceeds  a block  length,  the  next  portion 
of  the  data  will  be  stored  in  the  next  empty  block  blocks  already  containing  valid  data  will  be 

s'k  1 pped . 

Not  ill  of  the  memory  blocks  need  be  made  accessible  for  a data  transfer.  In  a WRITE  operation,  only 
the  empty  blocks  within  a selected  set  will  be  tilled  in  order.  Conversely,  during  a READ  operation, 
only  the  blocks  which  contain  valid  data  will  be  read  in  order,  out  of  the  set  that  has  been 
selected.  Iwo  methods  ot  read-out  are  permitted,  non-destructive  or  destructive.  With  the  first 
option,  the  data  in  the  memory  block  is  retained.  With  the  latter  opt  ion,  the  memory  block  is  made 
available  loi  new  data  storage  immediately  after  the  block  has  been  read.  Data  is  always  stored  as  a 
tirst -in,  tirst -out  serial  data  stream  within  any  bloek.  Since  the  butt  r memory  is  used  primarily 
to  interface  systems  that  operate  at  different  clock  rates,  the  WR1TF  am  READ  operat  ions  can  not  be 
per  I 01 med  s imu 1 1 aneous l v . 

The  butter  memory  can  transfer  over  a broad  range  of  data  rates,  between  ISO  kHz  and  •* . 0 MHz.  The 
rate  is  depemfent  on  the  external  clock  used  to  drive  the  memory.  The  dynamic  nature  of  the  CCD's 
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requires  that  data  be  clocked  to  keep  it  refreshed  even  when  the  memory  is  not  being  accessed.  The 
idle  clocking  rjte  is  kept  between  10  to  20  kHz. , regardless  of  the  rate  of  the  clock  used  to  drive 
the  system.  With  constant  dat a recirculation  during  the  idle  state,  the  start  ol  a memory  block  may 
not  be  immediately  accessible  when  a dat a transfer  is  requested.  However,  when  a dat a input  begins, 
there  can  be  no  latency  period  before  dat a can  be  accepted.  A pre-buffer  adapts  itsell  to 
synchronize  input  data  with  the  recirculating  memory  block.  During  a READ  operation,  there  ma>  be  a 
waiting  period  up  to  1021  clock  cycles  until  the  start  ol  the  memory  block  is  accessible  loi  a data 
output.  It  a readout  is  requested  during  a WRITE  operat ion,  the  data  output  will  become  available 
immed  ately  following  the  input  transfer. 


2.1.  Prototype  Memoi  y Operation. 


In  previous 
system  have 
feat ui e s of 


sections,  some  ol  the  design  cons ide rat  ions  and  capabilities  of  a CCD 
been  discussed.  Here,  a general  description  is  given  of  the  internal 
the  prototype  CCD  memory  system.  The  block  diagram  in  Fig.  1 is  used  as  a 


bu  f 1 e r memo  r v 
operation  and 
re  fere nee . 


In  essence,  the  memory  system  takes  a serial  input  dat a stream,  routes  t lie  data  to  the  first 
available  memory  block,  and  stores  the  data  in  successive  memory  locations.  Then  upon  command,  the 
data  m any  memory  block  can  be  read  and  presented  to  the  memory  system  data  output  terminal. 
Compl icat ions  to  this  basic  concept  arise  from  the  dynamic  nature  of  the  storage  medium.  An  8-bit 
counter,  included  as  part  of  the  clock  controls,  provides  a virtual  address  (VA)  lor  each  ol  the  2*>t> 
storage  locations  on  a CCD  shift  register.  The  VA  is  incremented  with  each  CCD  transfer  clock  cycle, 
which  is  maintained  at  an  idle  rate  while  the  system  is  not  being  accessed.  Dat a storage  must  always 
begin  at  the  start  address  of  any  memory  block.  This  start  address  is  determined  arbitrarily  by  the 
zero  state  of  the  virtual  address  counter,  i.e.  VA  * 0.  Since  input  data  may  arrive  at  any  time,  it 
is  unlikely  that  the  start  of  the  incoming  data  stream  will  coincide  with  the  memory  block  start 
address.  Therefore,  the  pre-buffer  that  acts  as  a variable  delay  temporarily  stores  incoming  data 
until  it  can  be  written  into  the  CCD's  after  their  start  address  has  been  reached. 


Further  comp l i cat  ions  to  the  design  are  caused  by  the  need  to  handle  data  rates  in  excess  of  the 
capability  of  individual  CCD's.  Since  the  8K  CCD  is  specified  to  operate  at  rates  troni  10  kHz  to  1 
MHz,  4-way  dat  a multiplexing  was  used  to  achieve  data  transfer  rates  up  to  4 MHz.  The  1^0  kHz  lower 
limit  for  the  system  was  set  a;  an  arbitrary  design  goal  to  match  the  expected  clocking  rates  ol 
bubble  memories.  At  the  lowest  data  rate,  4-way  multiplexing  means  that  the  transfer  rate  to 
individual  CCD's  will  be  only  17. S kHz. 

A ser l al -t o-par a 1 le l converter  in  the  pre-buffer  is  used  to  route  input  data  along  4 parallel  paths 
to  the  CCD's.  The  CCD's,  shown  on  the  memory  card  in  Fig.  4,  are  arranged  in  a 4 bv  4 array  to 
accomodate  the  parallel  data  inputs.  Each  bank  of  4 memory  devices  is  used  to  store  8 data  blocks. 
When  the  memory  is  being  accessed,  4 bits  of  data  * 1 for  each  device  in  a bank  - are  transferred 
simultaneously  with  every  CCD  clocking  cycle.  Similarly,  during  a readout  operation,  the  memory 
waits  until  the  st art  address  of  the  tirst  memory  block  to  be  read  is  reached,  then  4 bits  at  a time 
are  transferred  to  a paral lel-to-ser ial  converter  in  the  data  output  buffer.  In  this  way,  the  output 
is  presented  as  a first-in  first-out  serial  data  stream  at  the  master  clocking  frequency. 

The  block  selector  logic  plays  a key  role  in  the  data  routing  process.  In  a WHITE  operation,  only 
emptv  blocks  may  be  accessed;  in  a RF.AD  mode,  only  blocks  containing  data  may  be  accessed. 
Versatility  ot  memory  block  access  is  provided  by  an  iterative  array  of  block  selector  cells  and 
block  flags.  During  a WR1IE  operation,  a block  selector  cell  examines  whether  the  block  has  been 
selected  for  a possible  transfer, and  the  status  of  its  own  and  lower  order  block  flags.  If  no  lower 
order  blocks  are  available,  it  asserts  its  "block  selected"  signal  which  is  decoded  to  form  the  CCD 
shift  register  addresses  and  chip  enable  signals.  When  data  transfer  to  a selected  block  begins,  its 
block  flag  is  set,  and  the  block  selector  searches  for  the  next  higher-order  block  to  be  accessed,  so 
that  the  next  storage  block  is  available  immediately.  During  a readout  operation,  the  block  selector 
indicates  only  memory  blocks  that  contain  valid  data.  An  option  has  been  provided  to  retain  data 
blocks  that  have  been  read  or  to  reset  the  block  I lags  thereby  freeing  the  blocks  for  fresh  data 
st  or  age. 

Sequence  and  clock  controls  are  designed  for  the  CCD  buffer  memory  to  operate  in  \ modes;  idle, 
transfer  set-up,  and  data  transfer  mode.  An  example  ol  the  timing  of  these  modes  is  illustrated  in 
Fig.  for  an  input  transfer  of  2 1/2  data  blocks.  When  the  system  is  in  idle,  the  CCD's  are  clocked 
at  about  10  kHz  to  keep  dat a refreshed.  A low  idle  rate  helps  to  minimize  power  consumption.  The 
system  uses  gated  external  clock  pulses  to  ensure  that  CCD  recirculation  even  during  the  idle  state 
is  synchronized  with  the  master  clock. 

When  a request  for  data  transfer  is  initiated  at  time  A,  the  system  goes  into  a transfer  set-up  mode . 
For  a WRITE  operation,  the  presence  of  valid  data  is  detected  by  a Dat a Input  Available  signal  which 
is  asserted  for  the  duration  of  the  input  burst.  All  memory  block  then  recirculate  at  the  data  rate 
until  tlu  ZERO  virtual  address  is  reached  at  point  B.  Data  is  then  transferred  from  the  pre-buffer 
to  the  first  available  memory  block.  In  order  to  reduce  system  power  during  a transfer,  clocking  of 
all  non-accessed  banks  of  CCD's  is  reduced  to  1/4  the  CCD  transfer  rate.  At  this  rate,  all 
non-accessed  shift  registers  will  recirculate  an  integral  number  of  times  during  u block  transfer  so 
that  the  virtual  address  of  all  registers  will  again  be  synchronized. 

When  the  input  data  stream  ends  at  C,  the  tail  end  of  the  burst  still  resides  in  the  pre-buffer,  so 
that  the  CCD  transfer  continues  for  the  equivalent  of  the  initial  transfer  set-up  time,  up  to  time  D. 
If  .i  memory  block  is  not  yet  full  at  the  end  of  that  time,  the  system  continues  in  the  transfer  mode 
to  allow  the  rest  of  the  block  to  fill  up  with  ZFRO's.  The  system  will  then  revert  to  its  idle  state 
at  E. 
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the  operation  awjueuce  lor  a readout  opera!  ion  is  similar  tv'  the  WK  111*  sequence.  Alter  the  blocks  to 
be  i e a J out  have  been  selected,  the  KKAl>  command  xs  asserted.  The  system  goes  into  the  t lan.sler 

> t up  mode  .ut x l the  start  address  ot  the  txrst  block  has  been  reached.  lhen,  sucvessive,  complete 

block:.  ot  data  will  be  read.  Ihe  system  provides  a Data  Output  Available  signal  lor  tlu  duration  el 
valid  i'ut  put  d at  a . 

'he  butter  memory  is  a low  |>ower  system  tliat  dissipates  ‘>.m  W hi  the  idle  state.  Since  x MOS  Logic 
. i M«  >S  device.-*  tliat  have  high  capacitance  are  used,  the  power  con  sump  t ion  varies  with  the  input 
. '.k  t requeues.  Ihe  peak  pove  r ot  appr  ox  imat  e Is  W occurs  during  the  WK  lib  operation  at  l lie 

maximum  dat  .«  ttansler  rate.  Measured  p.wer  dissipation  mve  lor  WRIT!  and  KhAD  v'peiatio.  lor  the 

! ill  operating  range  Ol  data  r >t  e . are  slu'wn  in  fig.  b.  For  the  complex  e svstem.  the  average  power 
dr  iipation  per  bit  ol  storage  is  less  than  SOpW.  In  the  following  section,  it  will  be  shown  that 
tl.-  average  power  per  bit  can  be  reduced  significantly  il  the  prototype  butler  memorv  is  modi  I led  lot 
ot her  appl i v at  ions . 

'.  ALTFKNAIF  It'D  BUKFFR  APPLICATIONS 

Ihe  present  memory  .v  -tern  i > i pi  ot  ot  v pc  leasibilitv  model  ot  limited  capacrtv  and  contains  ieatures 
that  van  be  simplified  or  augmented  lor  any  particular  application.  As  other  it  P's  become  available 
with  » ir  let v ot  sh  i 1 1 register  lengths,  memory  con  I igu i at  ions , and  data  handwidt hs , restrictions  on 
the  butter  will  change.  these  devices  will  permit  a greater  degree  v't  freedom  in  selecting  levels  ol 
multiplexing,  data  rates,  or  block  sixes. 

\ vv'u,.ider  ible  amount  v't  logiv  was  included  m the  prototype  to  provide  manual  control  tv'  facilitate 
the  svstem  evaluation.  Ihe  logic  circuit  tv,  contui  ted  mainly  in  the  block  selector,  could  be  replaced 
bv  computer  v’t  micropi ocessor  control  to  reduce  the  peripheral  viicuitrv.  Although,  lor  an  expanded 
ve:  ion  ol  the  buffer,  microprocessor  control  should  be  considered,  it  would  have  consumed  too  much 
power  tv'  meet  the  design  goals  in  the  prototype  model. 

Ihe  mi c r oprocessor  could  store  the  status  ot  the  data  blocks  and,  il  necessary,  some  pertinent 
m t or  mat  ion  relating  tv'  the  material  content  of  each  data  block.  Recall  can  be  a!  levied,  under 
program  control,  according  tv'  the  type  ol  informal  ion  required,  the  data  source,  or  even  the  time  ol 
vt.it  a capture.  A substantial  portion  ol  the  input  pro -bill  ter  could  be  eliminated  il  the  mi  c r oprocessor 
wet-1  tv'  .tote  the  v v l'  virtual  address  concurrent  wit  It  the  start  ot  the  block  ttansler.  There  would  be 
u need  tv'  wait  tor  the  xYD  .’KRO  virtual  address  before  starting  the  (YD  input  transfer.  Output 
tr  utile:  . would  begin  when  the  block  virtual  address  nut  died  the  stored  start  address. 

Tin-  dat  a storage  size  does  not  have  tv'  remain  const  ant  it  the  svstem  is  under  mi  crept  ocessor  control, 

llu-  butter  could  adapt  the  block  length  tv'  the  input  data  burst  lor  more  ellicient  use  v't  storage 

space. 

It  m.iv  be  noted  that  with  either  block  selector  logic  or  computer  control,  the  peripheral  hardware 
does  not  increase  proport loua l ly  tv'  increased  memorv  capacity.  This  is  particularlv  true  it 
lupliv  it e memorv  units  are  added  tor  parallel  word  storage.  Therefore,  in  a large  mernotv  svstem  the 
average  power  per  bit  could  be  redact’d  subst  ant  i a 1 Iv  not  il  it  approaches  the  limits  ol  the  u'P  and 
driver  dissipation.  This  is  expected  tv'  be  at  most  a lew  microwatts  per  bit. 

•*.  Kl'RlHKR  APPl.iCAl  IONS  OK  SKRIAI  MT  MORY  SYS1FMS 

Ihe  l.'S  K-bit  lYP  butter  memorv  svstem  has  demonstrated  the  teasibilitv  o!  using  (YD's  tv'  capture 
• equent  ial  lv  arriving  data  streams  at  varying  dat  a tales  and  tv'  store  the  data  as  blocks  ol 

information  tot  subsequent  transmission.  Tlu*  prototv pe  system  could  be  used  as  the  basis  ol  the 

design  ot  a subst ant i a 1 1 v larger,  more  flexible  butter  memorv  ol  similar  con  I i gn * at  ion  and  under 
mi c rop: ocessor  control.  The  same  model  could  be  teduced  to  a simple  tape  recorder  replacement  with 
little  versatility  v't  access  and  with  no  pre-bulfer  tv'  prevent  a minor  loss  v't  data  at  the  start  ol 
t r ansmi ss ion. 

There  are  a number  of  other  areas  in  winch  tYP  memories  should  be  considered  as  an  opt  ion  to  other 
forms  v't  solid  ;t  ate  memorv,  such  as  RAM’s.  Serial  data,  bv  its  nature,  does  not  always  need  the 
const  ant  address  supervision  that  must  be  used  tor  RAM's.  Generally,  the  only  in  format  ion  needed  is 
the  ;t  art  of  the  data  stream,  whether  the  data  is  partitioned  into  blocks  or  frames,  and  the  length 
ol  a block  v't  data  burst.  Typical  appl  icat  ions  tor  which  serial  memories  could  be  used  are  disc 
replacement  memories  (SIF.MF.NS,  K.H.  et  al  ....  and  video  frame  memories.  Ihe  video  frame 

memorv  is  probahlv  the  application  that  can  be  exploited  most  easily  since  the  basic  requirement  is  a 
verv  long  sh  i 1 1 register  with  no  random  block  access  requirement.  vYP’s  are  now  available 
(ROSFNBAl’M,  S.P.  et  al  ....  197(0  which  will  operate  at  video  rates.  Another  potential  application 
that  shows  good  promise  is  m the  area  ol  synthetic  aperture  rad.it  (SAR^  signal  processing.  A kev 
component  ol  a SAR  svstem  is  a corner -t  urn  ing  me  mo  r v ntrav.  A technique  has  been  tound  (S1KMFNS,  K. 

et  a l 1 ^ 7 7 > using  (CD's  that  could  be  developed  into  a verv  el  tic  lent  corner-turning  memory 

that  rs  large  enough  to  provide  high  resolut ion  and  to  permit  the  SAR  system  to  operate  in  real  time 
tor  on-board  appl i cat  ions . 

The  bullet  memory  svstem  described  in  this  report  is  one  ol  the  Inst  svstem  appl  i cat  ions  loi  (YD 
memories.  Other  applications  that  are  now  considered  feasible  have  been  mentioned.  It  rs  expected 
that  as  larger  capacity  (YD's  with  a variety  v't  contigurat  ions  become  more  general  l\  available,  a 
number  of  new  uses  of  large-scale,  solid-state  serial  memories  will  be  developed. 


This  wot  k was  supported  by  the  National  Ai-ioiuat  ns  and  Span*  Administration  under  coni  lad 
NAs  1 - i ISO*.  Contract  monitor  A.  Kripp,  Langley  Research  Center. 
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DISCUSSION 


JJ.  Stapleton 

I Since  you  frequently  repeated  that  your  I 28-K  system  was  a feasibility  model,  1 wonder  what  problems  you 
experienced?  Do  you  think  digital  CCD's  will  be  soon  in  production?  Finally,  were  all  CCD's  on  the  same 
power  supply? 

Author's  Reply 

I a)  The  feasibility  model  was  designed  to  ascertain  the  operating  limits  of  both  the  CCD’s  and  the  buffer 
system  configuration.  Fmphasis  was  placed  on  techniques  to  minimize  power  consumption.  Since  this 
meant  operating  the  CCD’s  near  their  lower  voltage  limit,  the  operating  margins  were  reduced.  Clock 
capacitance  of  about  400  pl;  meant  that  one  clock  driven  could  operate  only  two  devices.  BNR’s  new, 
larger-capacity  CCD’s,  however,  have  a clock  capacitance  of  only  70  pF. 

1 bl  We  are  not  acquainted  with  the  future  marketing  strategies  for  digital  CCD’s  by  semiconductor  manu- 

facturers. 

2 Yes.  all  CCD’s  were  on  the  same  power  supply,  that  is.  Vpp  = + 10  Vjjy-,  VgB  = —3  Vp(-. 
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ELECTRICALLY  PROGRAMMABLE  TRANSVERSAL  FILTER 
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M.  A.  COPELAND,  Y.  A.  HAQUE 

Department  of  Electronics,  Carleton  University,  Ottawa 

ABSTRACT 

This  paper  describes  a real  time  elect!  ically  programmable  transversal  filter  which  promises  to  have 
considerable  potential  for  sampled  analog  signal  processing  and  presents  results  obtained  using  the 
filter  in  combination  with  a microprocessor.  The  tap  weightings  are  controlled  by  a digital  signal 
[ and  a mi croprocessor  is  used  to  exercise  the  filter  by  allowing  rapid  changes  to  be  made  to  the 

filter  character ist ic. 

The  filter  is  based  on  a novel  functional  multiplying  structure  in  the  standard  silicon  gate  MOS 
process  which  has  previously  been  described.  The  analog  mult ipl icat ion  of  signals  is  achieved  by 
digitally  selecting  the  application  of  controlled  analog  signal  voltage  on  the  semiconductor 
inversion  layer  side  of  an  MOS  capacitor  - a process  that  is  linear  and  free  of  signal  interaction 
(crosstalk)  between  taps.  The  sampled  analog  signal  is  stored  at  fixed  sample  and  hold  storage 
sites  on  chip,  and  digitized  analog  tap  data  is  loaded  externally  and  moves  relative  to  the  chip. 
The  digitized  tap  data  in  two's  complement  format  controls  the  selection  of  seven  binary 
area-r at  ioed  MOS  capacitors  per  tap  position  for  seven-bit  tap  accuracy.  The  multiplying 
capacitances  are  commoned  across  the  chip  to  achieve  summation  without  the  necessity  for 
ampl i f iers . 

A microprocessor  is  used  to  manipulate  and  load  the  tap  data.  It  allows  complete  sets  of  tap  weights 
to  be  loaded  and  then  recirculated  giving  the  filter  a stable  frequency  response.  The  processor  can 

be  used  to  store  tap  data  for  numerous  filter  transfer  functions  which  can  then  be  loaded. 

Alternately,  the  keyboard  can  also  be  used  to  access  and  modify  individual  taps  in  an  existing  data 
pattern. 

A programmable  filter  of  1 1 1 i s type  can  find  wide  application  in  advanced  signal  processing  system 
and  some  discussion  will  be  presented  on  its  appl i cab i 1 it y to  areas  such  as  adaptive  filtering  for 
communications  and  matched  filtering  for  spread  spectrum  modems. 

1.  INTRODUCTION 

With  the  growth  of  charge  transfer  device  (CTD)  technology  the  use  of  transversal  filters  with  fixed 
weighting  coefficients  has  been  established  in  a variety  of  signal  processing  applications.  There 
is  increasing  interest  in  programmable  structures  of  this  type  where  the  weightings  can  be  altered 

in  real  time.  This  pvper  considers  one  possible  implementation  of  a monolithic  programmable 

structure  which  does  not  employ  CTD  technology  but  which  promises  good  device  performance  (HAQUE, 
Y.A.,  and  COPELAND,  M . A 1976) 

In  this  structure  the  analog  input  signal  is  sampled  and  stored  on  fixed  sample  and  hold  storage 
sites  on  chip.  The  tap  weightings  are  introduced  on  chip  in  digital  form  and  control  the  selection 
of  area-rat ioed  MOS  capacitors  associated  with  each  sample  and  hold  stage  or  tap  position.  These 
capacitors  form  the  basic  multiplying  structure  of  the  filter  with  signal  in  terms  of  voltage  rather 
than  as  charge  in  CTD  designs.  This  has  the  advantage  of  eliminating  cross-talk  between  taps.  The 
use  of  a low- impedance  voltage  source  minimizes  the  effect  of  various  non-linear  capacitances  (HAQUE, 
Y.A.,  and  COPELAND,  M. A 1977). 

The  filter  is  implemented  with  a single  level  MOS/LSl  process  and  is  interfaced  to  a microprocessor 
which  feeds  the  digital  tap  data  to  the  chip  and  allows  real-time  manipulation  of  the  filter 
character ist ic. 

2.  CHIP  ORGANIZATION 

A block  diagram  of  the  on-chip  circuitry  is  shown  in  Fig.  (1).  The  tap  weightings  are  specified  using 
7-bit  data  words  employing  two's  complement  coding.  The  words  are  clocked  through  shift  registers  to 
each  tap  location  where  they  control  the  switching  of  the  analog  signal  samples  on  to  the  sensing 
surface  of  the  seven  rat ioed  capacitors.  The  ring  counter  provides  a pulse  which  gates  the  analog 
input  signal  into  the  sample  and  hold  at  that  tap  position  only  once  every  N clock  cycles  for  an  N 
tap  device. 

The  details  of  each  tap  position  have  previously  been  described  (HAQUE,  Y.A.  and  COPELAND,  M.A.,  .... 
1976)  and  are  briefly  summarized  here  with  the  aid  of  Fig.  (2)  which  shows  one  of  the  seven  capac- 
itors at  one  tap  location.  The  sensing  electrode  is  maintained  at  a sufficiently  high  voltage  to 
form  an  inversion  layer  which  is  then  addressed  by  the  analog  signal  voltage  (Vg)  and  the  reference 
voltage  (ground)  via  the  switches  0.,  and  ^2.  The  0 2 switch  is  controlled  by  one  bit  of  the 
digital  word. 


The  change  in  voltage  at  the  semiconductor  surface  as  it  is  switched  from  reference  voltage  to  signal 
voltage  or  vice-versa  is  sensed  by  the  electrodes.  The  operating  waveforms  are  shown  in  Fig.  3 for 
the  present  structure  which  consists  of  two  multiplexed  channels  with  the  same  filter  function. 
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Con.-.idei  1 1 1 «*  tli  .nine  1 opeiatiug  with  the  clock.  When  nS  , in  on  the  sensing  electrode  it  i s 
const  i a i ned  tv*  Vjj  and  with  ^ on  the  sensing  am  I ace  is  at  the  signal  voltage.  Clock  I/),  next 
goe .'It  tv*  l lowed  by  V*  * at  which  t line  the  sensing  am  t ace  is  leset  t o ground  and  a ueg.il  ive  going 
ti  m-.it  it'll  is  sensed  at  tin*  output. 

\.  SYS  1 KM  OKCANI/Al  ION 

the  petipheral  circuitry  required  to  operate  the  (liter  chip  la  shown  in  Kig.  4.  The  amplifier  at 
the  input  is  used  tv*  eliminate  the  non-linearity  and  gain  variation  ot  the  on-chip  butler  amplifiers. 
Mat  a from  the  microprocessor  is  routed  to  the  chip  under  control  ol  a ‘load1  signal.  It  a load  pulse 
is  present  the  data  i •«  ted  to  the  chip.  It  it  is  absent  data  is  routed  from  the  output  ol  the  chip 
back  to  the  input.  In  this  mode  a given  set  ot  tap  data  can  be  continually  recirculated  to  give  a 
fixed  tiltei  charact er ist ic. 

Kiguie  S shows  the  mi eroprocessor  interlace  which  controls  the  loading  of  the  tap  data  into  the 
tilter.  llie  interlace  does  not  operate  in  a handshaking  mode  but  in  a switched  control  mode  so  that 
once  loaded  the  ss  stem  is  independent  ol  the  mi eroprocessor . The  interface  appears  to  the  micro- 
pioce-.-.oi  as  .i  HAM.  the  address  decoder  produces  a valid  output  when  it  recognizes  data  meant  only 
lot  the  interlace.  lhe  load  counter  generates  a pulse  once  tor  every  N clock  cycles  where  N is  the 
number  ot  stages  m the  tilter  (12  in  this  case).  This  pulse  is  the  ring  counter  for  the  chip  and 
also  acts  toi  the  interlace  as  a virtual  zero  address  (VZA)  to  indicate  the  tirst  tap  position.  This 
signal  gates  the  clock  which  is  used  tv*  drive  the  tap  address  counter.  This  count ei  then  counts  down 
I rom  the  low  address  input  from  the  microprocessor  towards  zero  at  which  time  it  provides  the  tiltei 
load  signal  at  the  correct  t ime  slot  for  that  tilter  tap.  As  lar  as  the  interlace  is  concerned  the 
tilter  acts  as  a sh  i 1 1 register  memory.  lhe  mode  control  ensures  that  the  gate  signal  is  only 
provided  when  a decoded  wi i t e occurs  and  is  turned  off  once  a load  signal  is  generated. 

lhe  interface  requires  up  to  N~l  clock  cycles  to  load  data  for  one  tap.  As  a result  of  this  a 

software  timing  loop  has  to  be  used  to  ensure  that  the  microprocessor  does  not  present  data  taster 

than  the  interlace  can  accept. 

lhe  interface  allows  the  user,  via  the  mi  crept ocessoi  input  keyboard,  tv*  load  a complete  set  ol  taps 
and/or  a new  tiltei  charact er l st  i r I o change  individual  taps  and  modify  the  response. 

4.  F.X f’KR  IMKNl  At  KhSMl.TS 

The  magnitude  response  ot  a filter  loaded  with  coefficients  for  a linear  phase  low  pass  design  is 
shown  m Kig.  t> . Four  cascaded  chips  were  used  tv*  give  a total  of  32  taps.  The  clock  frequency  was 

SO  KHz  and  the  first  aliased  pnsshnnd  is  shown  at  the  right  of  the  figure.  Fig.  7 shows  a similar 

magnitude  response  but  m this  case  the  coefficients  are  for  a minimum  phase  design. 

Figures  8 and  d show  the  effect  ot  convolving  the  input  signal  with  a rectangular  tap  weight 
distribution.  In  tigure  8 the  first  sixteen  coefficients  are  set  to  unity,  the  rest  to  zero.  In 
Figure  d the  tirst  sixteen  are  unity  whilst  the  remainder  are  unity  and  negative. 

5.  DIS10R110N  AND  F1XKD  PATTKHN  NOISK 

lhe  primary  limit.it  ion  of  this  device  is  the  reduction  ot  its  usable  dynamic  range  due  to  fixed 
pattern  noi  • (KPN).  The  output  of  the  tilter  with  only  a dc  bias  as  its  input  consists  of  spectra 
at  1 / N (normalized  frequency)  and  its  mult  iples  lor  an  N tap  tilter  and  is  defined  tv*  be  the  fixed 
pattern  noise  (shown  in  Figs.  6-d). 

An  N tap  tilter  can  be  considered  to  be  a structure  with  channels  multiplexed  in  the  time  domain 

(HAtJUF,  Y.A.,  and  i/OPKl.AND,  M.A 1 977).  Any  deviation  in  channel  charact  er  i s i t i cs  will  show  up 

as  fixed  pattern  noise  (ROY,  l).,  et  a l 1977).  The  spec  i tic  sources  ot  channel  character  i st  ic 

deviation  are  gain  variation  ot  the  channels,  variation  ot  capacitive  feedthrough  from  multiplexing 
clocks  in  the  different  channels  and  tap  weight  (which  spends  equal  time  in  all  channels)  variation 
across  the  channels.  This  effect  also  causes  interaction  products  between  the  input  signal  frequency 
and  the  multiplexing  clocks.  FPN  can  he  considered  to  he  a special  case  ot  this  interaction  product : 
i.e.,  interaction  with  dc. 

Fixed  pattern  noise  in  the  present  chip  design  has  been  greatly  suppressed  by  the  use  ot  feedback 
1 inear izat ion,  which  corrects  the  gain  variation  across  channels.  lhe  cited  ot  capacitive  feed- 
through in  the  channels  has  also  been  suppressed  using  an  optimum  signal  input  and  sensing  scheme 

(HAQUh , Y.A.,  and  COPhl.AND,  MA 1*177).  lhe  ettect  ot  tap  weight  errors  could  not  be  corrected 

amt  is  believed  tv'  be  a major  remaining  cause  ot  FPN. 

lhe  tap  weight  errors  cause  FPN  as  follows. 

The  tap  weight  at  every  locat ion  consists  of  binary  area  rat  ioed  capacitors  which  are  suitably 
interconnected  under  control  of  digital  switches,  ted  t Mli  the  binary  coding  tor  the  tap  weight. 
These  binary  codings  move  relative  to  the  tap  locat ions  in  a periodic  manner.  Due  tv*  variation  ol 
the  size  of  the  area  rat ioed  capacitors  at  different  locat ions  (channels),  a time  varying  error  with 
period  N I , (T  being  the  bit  period  of  the  tilter  with  N taps)  can  be  associated  with  every  tap 
we  i ght  . 

At  present,  4S  »!H  dynamic  range  (with  less  than  It  harmonic  distortion)  has  been  obtained  lot  typical 
t liters  on  t ohm  cm  substrate  material  (the  dynamic  range  is  detined  tv*  be  the  difference  between 
the  passbaud  maxima  ot  the  tilter  and  the  maxima  ot  any  FPN  spectra  with  less  than  It  harmonic 
distortion  in  the  filter  passbaud  maxima).  The  programmed  filter  function  strongly  utfects  the 
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dynamic  range,  since  the  KPN  due  to  gain  variations  and  capacitive  feedthrough  in  the  channels  is 
filtered  by  the  tiller  transfer  function.  In  addition,  the  nature  of  the  tap  weight  error  would 
depend  on  the  programmed  function.  tig.  10  shows  a <>0  dH  dynamic  range  for  .1  rectangulai  window  flap 
weights  are  all  one's  in  the  time  domain  for  a ‘ft*  tap  tiller)  which  eliminates  the  ettect  of  tap 
weight  errors.  The  ettect  of  the  tap  weight  errors  causing  KPN  in  this  case  is  eliminated,  since  the 
total  errors  tor  all  tap  weights  is  constant  for  all  time  at  all  local  ions  in  the  tiltei  (since 
connections  to  the  area  ratioed  capacitors  are  constant).  Further  improvement  in  the  dynamic  1 ange 
is  expected  to  he  obtained  by  improvement  in  the  chip  design  (which  would  suppress  the  ettect  ot 
capacitive  teedthrough  and  ground  loops)  (HAQUK,  Y.A.  and  COPELAND,  M.A.,  1977). 

Transfer  functions  measured  tor  different  (liters  have  been  found  to  be  surprisingly  close  in 
agreement  with  calculated  (espouses  in  spite  ot  cons  idei able  tolerances  in  tap  weight  coefficients. 
Statistical  studies  on  tap  weight  errors  on  the  transtei  function  of  fixed  » up  filters  (HAQUK,  Y.A., 

...  1977)  (PUCKKTTK,  I'.M.,  et  al  ....  197  7 ) predict  less  stop  band  attenuation  than  we  have  achieved. 

The  explanation  tor  this  effect  is  an  averaging  ot  tap  weight  errors  taking  place  in  the  filter 
during  the  measurement  process.  Such  averaging  reduces  the  error  variance  (over  that  for  fixed  lap 
filter)  and  yields  a better  stop  band  attenuation.  This  ettect  may  also  be  viewed  from  the  frequency 
domain  Ihe  tap  weight  may  be  thought  t o be  compi lsed  of  an  expected  value  (which  is  constant  as  the 
tap  weight  traverses  the  different  tap  local  ions ) and  a time  varying  error  which  is  periodic  with 
frequency  1/NI.  An  input  signal  of  frequency  ts  results  in  an  output  at  frequency  ts  (due  to  the 
constant  value  ot  the  tap  weight  vector).  The  error  part  of  the  tap  weight  can  be  expanded  as  a 
Fourier  series  with  random  coe t t ic ient s . This  periodic  waveform  amplitude  modulates  the  input 
frequency  ts  and  thus  creates  sidebands  at  ts  _♦  1/NT  (assuming  that  only  the  fundamental  in  the 
Fouriei  series  expansion  is  dominant).  Thus  in  order  to  measure  the  effect  ot  the  time  varying  tap 
weight  errors  on  the  transfer  function,  the  measurement  bandwidth  must  be  at  least  2/NT.  Exper- 
imentally, this  condition  was  not  met  because  ot  the  small  bandwidth  of  the  spectrum  analyzer  (which 
creates  a long  time  response,  effectively  averaging  (fie  time  varying  response  m the  time  domain 
(2)),  The  effect  of  tap  weight  tolerances  is  therefore  suppressed  in  the  measurement  procedure.  In 
general,  the  time  varying  nature  of  the  tap  weights  would  yield  beltei  stopband  rejection  (computed 
to  a comparable  fixed  tap  filter)  in  systems  with  bandwidth  less  than  2n/NT,  where  n is  the  number  ot 
harmonics  (of  the  fundamental  at  1/Nl)  carrying  most  of  the  energy  in  the  periodic  t ime  varying 
waveform  ot  the  tap  weight  error. 

b.  SUMMARY 

The  programmable  transversal  filter  or  correlator  described  in  this  paper  promises  to  have  consider- 
able potential  toi  signal  processing  systems,  particularly  as  significantly  improved  pel formance  ovei 
the  present  prototype  device  can  be  expected.  In  a redesigned  structure  fixed  pattern  noise  is 

expected  to  be  below  bS  dB.  Although  the  present  chips  are  cascadable,  and  this  feature  could  be 

retained,  it  is  feasible  to  implement  at  least  12  taps  on  one  chip  and  at  the  same  time  add  addit- 
ional bits  to  the  coefficient  data  word.  This  is  the  result  of  the  fact  that  the  basic  structure  ot 
the  device  is  inherently  simple  to  implement  in  MOS  technology.  The  size  of  the  MSB  capacitoi  is  the 
ma  jo  1 limiting  fai’for.  Although  the  device  clock  rates  used  in  the  work  presented  in  the  paper  ate 
relatively  low,  the  device  will  operate  with  clock  frequencies  in  the  low  megahertz. 

One  application  ot  such  a structure  is  as  a matched  filter  in  spread  spectium  modems.  The  purpose  ot 
the  tiltei  is  to  synchronize  the  system  to  the  incoming  code  and  consequently  the  tiltei  is  dependant 
on  the  code.  A programmable  structure  which  could  be  matched  to  ditferent  codes  is  therefore  ot 

advantage.  Ihe  ma jot  limitation  is  that  the  code  lengths  can  require  devices  with  many  hundreds  ot 

taps  and  therefore  large  numbers  of  cascaded  devices.  In  the  case  ot  matching  to  a p-11  sequence 
rather  than  an  analog  signal  the  system  could  be  configured  in  such  a way  that  it  would  be  sufficient 
tv'  control  the  weight  ings  with  on l y one  bit  ot  the  dot  a word.  A device  built  tor  this  situut  ion 
would  therefore  allow  a large  number  ot  taps  tv'  be  implemented  on  one  chip.  Cascading  of  devices  is 
again  possible  although  this  will  exacerbate  the  KPN  problems. 

Although  a microprocessor  has  been  used  here  as  one  wav  ot  exercising  the  tiller  it  is  bv  no  means  an 
integral  part  ot  the  device.  Several  such  filters  could  be  controlled  remotely  by  a processor  oi 
alternatively  one  tiller  could  be  combined  with  a ROM  which  would  store  a limited  number  ot  weighting 
coe flic  lent  s . 

Real-time  adapt ive  filtering  is  also  possible  it  the  filter  is  provided  with  add  it  ional  circuitry  to 
carry  out  the  updating  ot  the  tap  data.  The  algorithms  tor  adapt ive  structures  have  been  extensively 
discussed  m the  literature  and  can  be  implemented  with  circuit iv  of  varying  complexity.  In  all 
cases  access  to  the  analog  signals  at  the  sample  and  hold  stages  is  required  and  this  in  turn  implies 
some  form  of  A/D  conversion. 
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DISCUSSION 


L (j.liregoris 

l I l Hi"*  main  capacitance  bus  is  achievable  practically  with  this  organization’ 

I - * Him  fast  can  these  weighting  capacitors  be  cycled  ’ 

Author's  Reply 

( I i Our  e\is!iii|t  chips  employ  ’ and  '»  bits  data  words  I he  accuracy  ot  the  l SB  capacitor  is  one  limiting  tactoi 

Hie  available  chip  area  I per  tap)  places  a restriction  on  the  MSB  capacitor  size  I or  a gnen  application  the  word 
si/e  can  be  chosen  within  the  limits 

i . l I 01  an  n tap  tilter  n clock  cy  cles  are  reclined  to  load  the  filter  In  this  case,  somew hat  more  time  is  reiputed 
because  ot  the  need  to  synchronise  the  filter  and  the  micropiocessor 

P Carr 

In  comniunications  applications,  where  \ ou  are  charging  y our  code  cy  clically . do  y on  have  a second  channel  w here 
you  store  the  new  code? 

Author's  Reply 

It  i>  behaving  in  tlu*  same  way  as  a normal  transversal  filter  So  it  takes  \ on  one  circulation  around  the  filter  to  get 
an>  thing  out  N ou  have  to  wait  at  least  one  device  length  before  charging  your  code 
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SUMMARY 


We  have  developed  one-,  two-,  and  three-port  SAW-resonators  on  ST-quartz  and  YZ-lithium 
nlot  ite  employing  aluminum  metallization.  Investigations  have  been  carried  out  on  the 
Important  parameters  for  the  design  of  SAW-resonators , such  as  the  reflection  coeffici- 
ent, number  of  reflector  elements,  reflector  and  transducer  placement,  and  terminating 
Impedance.  Possible  applications  of  SAW-resonators  are  as  frequency  stabilizing  elements 
for  oscillators  and  as  narrow-band-pass  filters. 

1 . INTRODUCTION 

A new  type  of  SAW-device,  the  SAW-resonator,  which  utilizes  distributed  reflectors  tf 
obtain  efficient  reflection  of  surface  waves,  was  introduced  recently  (see  Ref.  1 ) . 

These  devices  are  well  suited  for  narrowband  filters  and  oscillators  in  the  VHP,  UHF, 
and  lower  microwave  range.  The  distributed  reflectors  form  basically  a Fabry-i erot  cavi- 
ty. Therefore  SAW-resonators  have  several  advantages  over  conventional  SAW-devices : (1) 
smaller  bandwidth  ^higher  0);  (2)  smaller  si2e;  (3)  lower  insertion  loss. 

For  the  past  two  years  we  have  investigated  the  physical  principles  of  these  devices, 
and  have  developed  them  on  temperature-stable,  as  well  as  temperature-senitive  substra- 
tes (see  Ref.  2 . In  order  to  keep  the  manufacturing  process  simple  and  thus  minimizing 
costs,  we  have  concentrate d on  realizing  resonator  structures  by  a simple  aluminum  metal- 
lization pattern  produced  by  optical  and  electron-beam  lithography  on  quartz  and  lithium 
i.iobate  substrates,  because  SAW-resonators  are  very  phase-sensitive  devices,  their  design 
is  difficult.  Out  of  many  possible  different  designs  we  shall  describe  the  most  promising 
ones  in  some  detail:  control  of  the  center  frequency,  permanent  trimming  to  the  final  fre- 
quency by  sputtering  of  thin  films  and  in  situ  measurement,  electronic  tuning  by  means  of 
varactors,  low  loss,  series  operation  of  several  devices  giving  up  to  100  dB  sidelobe  sig- 
nal suppression,  multimode  operation,  and  oscillators  with  single-  and  multiple-mode  re- 
sonators, respectively. 

2.  SAW-RESONATORS 

A typical  two-port  device  is  shown  in  Fig.  1.  The  reflectors  are  periodic  arrays  of  metal 
st-ips  or  grooves,  X /A  wide,  with  a center  to  center  spacing  of  X/2,  where  >.  is  the 
acoustic  wavelength.  Each  reflector  element  reflects  only  a fraction  of  the  incident  wave, 
such  that  many  hundred  elements  are  necessary.  Interdigital  transducers  are  used  to  couple 
the  signal  to  the  cavity.  The  number  of  transducer  electrodes  used  depends  on  the  desired 
Impedance  level.  The  effective  cavity  length  is  greater  than  the  spacing  between  reflec- 
tors and  is  many  wavelengths,  since  the  waves  penetrate  into  the  reflector.  Since  for  most 
applications  only  one  mode  is  wanted,  the  cavity  length  must  remain  small. 

A typical  frequency  characteristic  of  a resonator  is  illustrated  in  Fig.  2.  Reflectors 
are  very  narrowband  components,  typically  of  the  order  of  1‘Y>.  The  resonance  lies  within 
this  very  narrow  region.  Direct  transmission  between  transducers  is  noticable  outside 
this  band  at  the  -i»0  dB  level.  SAW-resonator  G's  are  in  the  range  from  5000  - 50  000, 
and  insertion  losses  as  little  as  a few  dP  are  possible. 

The  reflectors  are  periodic  perturbations  for  surface  waves.  They  should  reflect  any- 
where from  0.5  to  2 V of  the  incident  wave,  and  should  be  lossless,  that  is  for  example, 
surface  waves  should  not  be  converted  into  bulk  waves,  or  be  lost  in  the  form  of  elec- 
trical energy.  Such  effects  will  of  course  lead  to  lower  resonator  G's.  The  reflections 
from  t’ie  two  edges  of  the  perturbations  are  180  degrees  out  of  phase.  By  making  the  per- 
turbations X/t*  wide,  and  spacing  them  with  a period  of  X/2,  all  reflections  are  in  phase. 
Which  reflector  one  chooses,  depends  often  on  the  type  of  technology  available. 

Besides  choosing  between  many  kinds  of  reflectors,  another  variable  is  the  placement  of 
the  transducers.  In  a resonator,  acoustic  energy  is  decreasing  exponentially  away  from 
the  center  of  the  cavity.  Placing  the  transducers  outside  the  cavity  leads  to  high  G's 
as  well  as  high  transducer  Impedances,  because  of  the  very  loose  coupling.  Placing  the 
coupling  transducer  inside  the  cavity,  reduces  its  Impedance  highly.  One-  or  two-port 
configurations  are  possible.  Strongly  piezoelectric  materials  such  as  lithium  niobate 
require  few  finger  pairs;  quartz  requires  many,  because  it  is  much  less  piezoelectric. 

Imporant  parameters  of  a two-port  resonator  are  the  reflector-reflec- 
tor spacing  lrr.  and  the  transducer-reflector  spacing  lrt  as  illustrated  in  Fig.  3.  The 
presence  of  transducers  Inside  the  cavity  makes  the  analysis  and  design  of  resonators 
very  difficult.  A resonance  occurs  when  the  total  phase  shift  consisting  of  a propaga- 
tion and  a reflector  part  per  roundtrip  is  a multiple  of  2tl  . In  order  to  determine  the 
correct  value  for  lrr«  one  ®ust  know  the  relative  difference  in  the  propagation  velocity 
in  the  various  parts,  such  as  under  the  transducers,  reflectors,  on  the  free  surface,  on 
metallized  surfaces  etc.  In  order  to  place  the  resonance  onto  the  center  frequency  of  the 
reflector  stop-band,  lrr  must  be  calculated  from  velocity  data,  and  is  generally  not  a 
multiple  of  d_,  the  reflector  periodicity.  This  cavity  length  correction  is  difficult  to 
determine  since  no  accurate  velocity  data  is  available.  Another  difficulty  lies  in  the 
fact  that  transducers  often  are  reflecting  (an  exception  are  double-  or  split-finger 
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transducers)  such  that  the  actual  reflector  includes  the  transducer.  There  are  several 
possible  positions  for  the  transducers  such  that  the  total  reflection  can  consist  of 
two  out-of-phase  components,  which  In  turn  requires  a correction  In  lrr.  If  this  correc- 
tion Is  not  made,  a shift  In  the  resonance  frequency  results, 

'.n  a resonator  two  standing  wave  patterns  are  possible  as  shown  in  Fig.  A.  We  assume  here 
that  the  transducer  does  not  disturb  the  reflection.  As  in  the  case  of  a transmission 
line  with  a short  or  open  circuit  in  place  of  the  reflector,  a standing  wave  minimum  or 
maximum  can  occur  at  the  edge  of  the  first  reflector  element,  depending  on  whether  the 
acoustic  impedance  step  at  that  point  is  positive  or  negative.  This  impedance  change  AZ, 
in  particular  its  sign,  is  generally  determined  more  easily  by  experiment  rath-r  than  by 
theory.  :t  is  not  necessary  that  the  transducer  electrodes  are  placed  at  the  standing 
wave  maximum  as  shown.  With  a reduction  in  coupling,  they  may  be  placed  off  the  maximum. 

In  Fig.  5 we  illustrate  a resonator  design  for  YT-lithium  niobate  with  doub- 
j le-electrode  transducers  on  the  standing  wave  maximum.  The  resonator  is  an  aluminum  pat- 

tern on  the  lithium  niobate  substrate.  The  transducers  are  designed  to  have  an  impedance 
of  50  onms  at  resonance.  Because  of  the  strong  piezoelectric  coupling,  few  electrodes  are 
I required.  The  impedance  off  resonance  is  much  higher,  several  1000  ohms. 

For  ST-quartz,  more  electrodes  are  required  in  order  to  couple  to  50  ohms.  For  design 
purposes  we  illustrate  the  transducer  impedance  and  insertion  loss  in  Fig.  b and  Fig.  7. 
The  resonator  impedance  is  reduced  by  a factor  of  10^  to  10-  (see  Ref.  3/,  when  the  trans- 
ducers are  placed  in  the  cavity  of  the  resonator. Figure  8 illustrates  a resonator  with 
the  transducer  off  the  maximum.  It  has  the  advantage  that  the  reflective  properties  and 
the  velocity  along  the  entire  structure  are  constant,  resulting  in  no  out-of-phase  reflec- 
tion components,  and  with  the  frequency  occurlng  exactly  at  the  cenTer  of  the  reflector 
stopband. 

Because  the  transducer  is  at  a fixed  distance  from  the  reflector,  and  because  the  reflect- 
tor  has  a certain  phase  and  amplitude  characteristic,  the  standing  wave  pattern  will  shift 
with  frequency.  When  the  transducers  are  at  the  standing  wave  maximum,  the  response  is 
symmetric,  otherwise  we  observe  nulls  when  they  are  A/8  off  the  maximum.  The  calculated 
amplitude  and  phase  of  a simple  reflector  are  shown  dotted  in  Fig.  9.  We  define  tne  re- 
flector stopband  as  the  center  lobe.  High-G  resonance  is  possible  where  the  reflection 
is  near  unity.  If  the  transducers  are  reflecting,  ana  pla.ed  on  the  standing  wave  maxi- 
mum, the  calculated  response  is  shown  by  the  solid  curve.  The  strong  phase  distortion 
accounts  for  the  observed  frequency  shift  of  the  main  resonance,  and  the  appearance  of 
other  modes,  as  shown  in  Fig.  10.  A lithium  niobate-aluminum  resonator  response  is  shown 
in  Fig.  11  with  transducers  on  the  standing  wave  maximum,  and  negligible  reflection  from 
the  transducers.  Amplitude  and  phase  are  symmetrical.  A summary  of  transducer-reflector 
relation  for  various  types  of  reflectors,  for  both  single-  and  double-electrode  transdu- 
cers, is  shown  in  Fig.  12,  With  its  help  one  can  analyze  or  predict  the  frequency  re- 
sponse of  resonators. 

The  frequency  of  a resonator  may  be  varied  by  evaporating  thin  oxide  films  such  as  ZnO 
or  AI2O3  onto  the  surface.  This  will  cause  a shift  of  the  entire  resonator  characteristic. 
Another  way  of  trimming  the  frequency  is  possible  by  changing  the  phase  in  the  space 
between  the  reflectors  only.  In  this  case  the  reflector  stopband  is  not  affected  and 
only  the  resonance  peak  will  shift.  For  example,  in  materials  with  a very  high  piezo- 
electric coupling  coefficient,  the  propagation  phase  between  the  two  reflectors  can  be 
changed  electrically.  It  is  known  that  the  velocity  under  a transducer  depends  on  its 
terminating  impedance.  Thus  by  placing  a third  transducer  between  the  reflectors,  it  is 
possible  to  observe  a change  in  propagation  phase.  This  phase  change  will  be  compensated 
by  an  equal  but  opposite  change  of  the  reflector  phase,  which  is  only  possible.  If  the 
resonance  frequency  changes  within  the  stopband  of  the  reflector,  experimental  results 
are  shown  in  Fig.  13  for  a transducer  terminated  in  a capacitance,  such  as  a varactor 
for  instance.  As  the  capacitance  is  increased,  the  transducer  is  increasingly  short  cir- 
cuited, causing  the  frequency  to  decrease.  The  effect  is  only  practical  for  materials 
such  as  lithium  niobate,  since  the  velocity  change  is  proportional  to  the  strength  of 
the  piezoelectric  coupling. 

In  practice,  if  one  designs  a resonator,  the  probability  is  very 
great  that  the  resonance  does  not  occur  at  the  stopband  center.  The  reason  for  this  is 
found  in  the  phase-frequency  relation  per  roundtrip.  For  a typical  case  we  have  plotted 
the  position  of  the  resonance  versus  frequency  for  small  reflector  spacings  in  Fig.  11*. 
This  case  applies  also  when  the  transducer  is  part  of  the  reflector  and  therefore  placed 
off  the  standing  wave  maximum.  If  the  spacing  is  slightly  off  n timesAf/2,  whereof  is  the 
acoustic  wavelength  in  the  space  between  the  transducers,  which  it  generally  is,  two 
modes  are  observed.  For  larger  cavities,  as  llustrated  in  Fig.  15,  more  modes  appear. 

The  modes  are  not  equally  spaced,  except  near  the  center  of  the  reflector  stopband,  ac 
illustrated  in  Fig.  16.  The  mode  spacing  is  about  v/21c,  where  lc  includes  the  penetra- 
tion depth  into  the  reflectors. 

We  shall  very  briefly  discuss  a few  more  parameters.  One  of  them  is  the  width  of  the  re- 
flector stopband.  It  is  of  the  order  of  1 and  smaller  for  smaller  AZ,  that  is  shal- 
lower grooves  or  thinner  aluminum  metallization.  An  approximate  relation  as  well  as  ex- 
perimental results  are  illustrated  in  Fig.  17.  Another  parameter  is  the  number  of  reflec- 
tor elements.  It  cannot  be  increased  indefinitely  in  order  to  obtain  as  close  to  100 
percent  reflection  as  possible.  Because  various  losses  exist  for  a propagating  surface 
wave,  experimentally  one  finds  that  the  G only  increases  up  to  a certain  number  of  ele- 
ments. This  critical  number  is  about  A/AZ,  as  shown  in  Fig.  18. 

Acoustic  energy  is  confined  inside  the  structure  of  the  resonator.  This  gives  rise  to 
transverse  modes  which  appear  as  additional  small  resonance  peaks  near  and  above  the  main 
resonance  peak.  These  transverse  modes  can  be  highly  suppressed  by  exciting  the  waves 
maxnly  at  the  center  of  the  structure  by  means  of  apodized  transducers,  as  illustrated 
in  Fig.  6. 


So  for  we  have  only  discussed  simple  resonator.-;.  Fio.iriy.  ■ variety  of  designs  la  possi- 
ble. One  clna:i  nre  n %on.i  t ora  coupled  either  neon:;  tic  oily  . or  o 1 -ctl'lcal  ly  ns  lllustrn- 
t «-<j  in  Fig.  I1)-  In  (o)  suit  (b)  acoustic  energy  looks  Info  the  next  resonator.  In  (c)  nnd 
Id)  transducers  mo  coupled.  A.i  on  example  wo  show  co:  ■■  ( c. ) ii-  /Ik.  SO,  whore  throe  re- 
sonators hove  boon  connected  In  aeries,  result  I ng  In  00  bit  suppression  off  resonnnee. 

Applications  for  resonators  or  rosonn tor-f 1 l t era  are  is  low  loss  narrow- 
band  filters  in  tho  loo  - 1000  Mllz  range.  ns  the  frequency  controlling  element  In  oscil- 
lators either  nt  Vi  il ' . 1IHF  or  microwave  frequencies  ns  illustrated  in  Fig.  . bAW-devi- 
Ces  ore  more  robust  end  shock  reals  tent  than  volume  wnvo  resonators.  Frequency  trim- 
ming end  ngoliin  problems  nre  prrsont.  they  ore  be  Inn  Investigated  by  a number  of  groups 
and  wo  have  groat  confidence  Unit  many  more  very  useful  devices  and  nppl  ton  t Ions  will 
••merge  within  the  next  few  yelirs. 

1.  OlbOUOb  ION 

Out  of  tho  mnny  possibilities  to  realize  n MAW  resonator.  two  materials  ns  well  ns  two 
technologies  have  emerged.  YZ-  1 1 th  1 urn  nlobulo  nnd  0 T-quop ' . are  the  two  mnterlals  most 
often  used.  OT-quartz  is  tho  preferred  material  when  temperature  stability  Is  Import- 
ant. Transducers  nre  generally  mode  of  aluminum  because  of  moss  loading  effects  nnd 
economy.  The  reflectors  may  either  consist  of  aluminum  strips  or  etched  groovest  ion, 
plasma . reverse  sputtered,  chemical ly ). The  SAW  resonance  phenomena  may  be  used  to 
refill  re  either  ( l i narrowband  l 0. 01  -0.  l ‘H.  b\i' ) find  low  Insertion  losf  l 0-ti  dill  filters, 

(.')  medium  0 11000-10000)  resonators,  and  ( ’• ) high  0 (10-100  000)  resonntors.  We  have 
described  here  the  general  principles  of  simple  .SAW  resonators  and  filters.  Medium  U 
devices  can  already  he  obtained  with  simple  technology,  such  ns  an  aluminum  structure 
for  transducers  and  reflectors.  With  Increasing  frequency  however,  we  have  observed  that 
the  losses  (believed  to  he  propagation  nnd  scattering  losses)  nre  becoming  excessive, 
limiting  the  0 of  the  devices.  For  example,  Uio  resonator  of  Fig.  10  has  a Q of  000 

U 10  MHz.  0000  at  1 ‘>0  MHz.  and  A Of  k'  a!  100  MHz.  Our  highest  O's  ( unloaded)  with 
aluminum  structures  have  W-mi  20  000  ill  K)  MHz. 

For  high  O devices,  the  number  of  transducers  Inside  Ihe  cavity,  as  well  as  the  number 
of  Iran-  Ulcer  electrodes,  should  be  kept  to  a minimum,  which  In  turn  means  loose  coupling 
and  high  Impedance  levels.  Reflectors  should  he  of  (he  groove  type.  Hy  employing  self- 
aligning  photolithographic  techniques  and  plasma  etching,  the  technology  may  also  he 
kept  simple. 

As  an  example,  for  the  design  of  a simple  resonator  . we  recommend  the  following 
gu lde l 1 nes : 

a. Vhoose  d to  be  between  O.'i  and  The  product  of  AZ  and  the  number  of  reflector 

grooves  must  he  at  least  A.  For  high  0 select  a low  AZ  . A Z - 0. H h/A  . where  h Is 
the  groove  depth  and  A Is  the  acoustic  wavelength. 

b.  )Hsr  double-electrode  transducers,  operating  either  at  the  fundamental  or  the  third 

harmonic  frequency,  placed  at  the  standing  wave  maximum. 

c. )Hse  the  largest  possible  reflector  spacing  for  single  mode  operation.  .Since  the  rela- 

tive velocity  differences  within  the  cavity  (reflector,  transducer,  free  surface)  nre 
not  known  with  sufficient  accuracy,  It  Is  generally  not  possible  to  design  the  reflector 
separation  1 (Fig.  i.A)  correctly  such  that  0 , ,-n  li" . A targe  1 makes  the  resonance 
frequency  lo&K  sensitive  to  deviations  of  yl  Worn  n"rt"  . It  also  reduces  the  electric 
feedthrough  In  the  case  of  two-port  devices.  The  maximum  1 can  he  estimated  from  the 
n tnl  Ion  (lrr/X)mnx  " (?A!'b  /l\i)-’  - Oslng  the  relation1  between  Affc/f0  and  AZ  In 

1 11  . 17  we  find  that  tl  /A  ) -IPO  for  a AZ  of  O.'vV,  tU)  for  1%,  and  AO  for  ?%. 

r>"  max 

d 1 The  resonance  frequency  may  he  shifted  within  the  reflector  stop  hand  he  1 changing 
ihe  propagation  or  reflector  phase.  Wo  have  done  this  by  depositing  Al.,0,  In  the 
.-.pace  between  reflectors,  thus  Increasing  the  velocity  there  nnd  hence  decreasing  the 
propagation  phase.  An  increase  In  the  resonance  frequency  Is  thus  obtained.  However, 
disturbing  the  cavity  with  metal-  or  dielectric  films  will  have  adverse  effects  on  the 
U . and  probably  also  on  the  long-term  stability. 

The  approach  we  recommend  Is  to  calculate  the  necessary  phase  change.  Knowing  the  phase 
•lope  Of  the  rrflrctor(dO/d( r/r  )-~H7  AZ)  os  well  as  of  1 , It  Is  possible  to  obtain  Ihe 

necessary  A I n,  for  (hr  new  design,  because  of  ageing  problems  It  Is  difficult  to  place 
tin  operating  frequency  of  a resonator  at  un  exact  prescribed  value.  Ageing  Is  being 
investigated  hy  a nuhep  of  groups  nt  the  present  time.  Ageing  effects  or  the  substrates 
have  been  observed  hy  us  as  well.  They  nre  as  high  as  HV*bvor  a period  of  one  year. 

Pubs  I rate  ageing  may  be  reduced  bv  an  ncco Iterated  ageing  treatment  of  the  substrate. 
Velocity  dill erences  within  Ihe  subs t rn ton  have  been  studied  hy  us,  and  are  several  times 
10  I a quartz,  an^  10  In  lithium  aloha te.  because  lithium  niobnte  is  very  temperature 
sens  1 live , till  / i ).  h 1 gh  U resonators  msy  he  temperature  tunable. 
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Fig. 1 : Schema  tic  representation  of  a 
two-port  resonator. 


Fig . 5 : Actual  layout  of  a two-port  SAW  resO' 
nator  on  YZ-lithium  niobate  with  double- 
electrode  transducers  having  2.5  finger 
pairs  and  two  rf  shields.  Only  a small 
portion  of  the  reflecting  strips  are  shown 
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Flg.2:Typical  frequency  characteristic  of 
a two-port  saw  resonator  filter  on  YZ- 
lithium  niobate.  The  sharp  peaks  throughout 
the  spectrum  are  plate  modes. 
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Fig.6:Calculated  acoustic  radiation  resist- 
ance for  single  electrode  transducers. 
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Fig . 3 : Two-port  SAW  resonator  parameters. 
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Fig.7:Calculated  conversion  loss  for  single 
electrode  transducers. 


Fig. ^Longitudinal  cross-section  of  a 
resonator.  Interdigital  transducers( IDT)  are 
shown  positioned  on  standing  wave  maximum. 


Flg.8:Two-port  SAW  resonator  with  cos  x 
weighted  transducers  on  ST  quartz. 
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Klg.°:  Calculated  distortion  of  reflection 
phase  and  amplitude  caused  bv  the  phase 
difference  between  reflector  and  single- 
electrode  transducer.  Curves  1 are  for 
transducer  electrodes  placed  on  the 
standing  wave  maxima;  curves  2 are  for  a 
single  reflector  with  the  same  total 
number  of  reflecting  elements  end  the  same 
AS.  (a)  power  reflection  coefficient. 

(b)  reflector  phase  at  reference  plane. 


Kig.11;  Detailed  amplitude  and  phase 
characteristics  of  a resonator  on 
YZ- lithium  nlobate. 
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Klg.10:  Kxperlmental  frequency  response 
for  a two-port  resonator  with  30  single- 
electrode  pairs  on  the  standing  wave 
maxima,  with  the  resonance  peak  shifted 
to  lower  frequencies. 
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Fig. 12:  Summary  of  transducer-reflector 
interactions  in  SAW  resonators  showing 
schematically  the  frequency  responses 
over  the  reflector  stop  band.  The  solid 
lines  are  resonance  peaks. 


Fig. 13:  Tuning  characteristics  with  an 
external  capacitance  for  three-port  DAW 
resonator  on  Y.’*  lithium  nlobate. 
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Flg.1<«:  Calculated  positions  of  the 
resonance  modes  for  small  reflector 
spac  tng. 


Fig. 16:  Experimental  frequency  response 
of  a multimode  resonator. 


Fig. 15:  Calculated  positions  of  the 
resonance  modes. 
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Fig. 18:  Measured  (dots)  and  calculated( 1 lnes ) 
variation  of  normalized  Q. 
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Fig. 17:  Experimental  and  theoretical  values 
of  the  reflector  base  frequency  AfK  for 
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Fig. 19:  Representative  structures  of  l'ig.21:  SAW  oscillators, 

several  coupled  resonators. 


Fig. 20:  Frequency  response  of  three 
series  connected  resonators. 
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SYSTEMS  APPLICATIONS  OF  SAW  MITERS  AND  DELAY  LINES 
Paul  H.  Carr 

Deputy  for  Electronic  Technology  (RADC/AFSC) 

Han scorn  AFB , Massachusetts  01731 

SUMMARY 

This  paper  reviews  the  applications  that  SAW  (Surface  Acoustic  Wave)  filters  and  delay  lines  have  to  com- 
mon i cat i ons  and  radar  systems.  The  development  of  SAW  resonators  at  frequencies  up  to  I GHz  is  reported 
together  with  their  promise  for  stabilizing  precision  oscillators.  Such  oscillators  could  be  useful,  for 
example,  as  clocks  for  CCDs  Operation  directly  at  I GHz  eliminates  the  multiplier  chains  required  for 
conventional  quartz  oscillators.  The  use  of  miniature  SAW  transversal  filters  for  banks  of  contiguous 
filters  is  shown  to  be  important  in  reducing  the  size  of  fast  frequency  synthesizeis  and  multiplexers  for 
spread-spectrum  commun i cat i ons  appl i cat i ons . The  design  of  a 9. I ^sec  delay  line  with  all  spurious  echoes 
70  dB  down  is  described  together  with  its  radar  signal  processing  application. 

I . INTRODUCTION 

The  signal  processing  capabilities  of  SAW  and  CCD  are  generally  complementary.  SAW  (Surface  Acoustic  Wave) 
devices  are  capable  of  bandwidths  up  to  I GHz  but  are  limited  in  time  delay  to  100  tisec . while  CCD  (Charge 
Coupled  Devices)  can  have  time  delays  up  to  0.1  sec  but  bandwidths  are  generally  tens  of  megahertz.  (See 
Fig.  I ) The  two  technologies  are  also  complementary  In  that  CCD  devices  require  a clock  which  can  be  pro- 
vided by  SAW  technology.  This  paper  will  focus  on  the  very  small  time  delay  section  of  Fig.  I and  will  be 
concerned  with  SAW  bandpass  filters  and  resonators.  These  components  are  much  smaller  than  their  electro- 
magnetic counterparts  and  are  lower  cost,  as  they  are  fabricated  by  the  same  photol i thographic  techniques 
used  for  integrated  circuits.  We  will  describe  applications  of  these  filters  towards  stabilizing  precision 
oscillators  and  reducing  the  size  of  fast  frequency  synthesizers  and  frequency  multiplexers.  Finally,  the 
application  of  SAW  delay  lines  to  radar  signal  processing  applications  will  be  described  including  the 
techniques  required  to  maintain  all  spurious  responses  70  dB  below  the  9.1-usec  delay  time. 

2 . SAW  RESONATORS 

Recently  Laker,  et.  al . (LAKER,  K.H....  1977)  have  reported  on  the  deve I opment  of  SAW  resonators  with  Qs 
from  4000  to  S000  at  0.8  GHz.  (Fig.  2)  Such  high-Q  resonators  are  of  importance  in  stabilizing  the  fre- 
quency of  precision  oscillators  used  in  commun I cat i on  and  radar  systems.  Figure  3 shows  the  two  small 
transducers  in  the  center  which  are  used  for  the  electromagnetic  input  and  output.  Acoustic  standing  waves 
are  built  up  between  the  long  reflectors  consisting  of  l-pm-wide  aluminum  lines  on  2-pm  centers  The 
high-Q  of  the  acoustic  resonance  couples  the  input  to  the  output  transducer. 

A simple  estimate  of  the  Q can  be  obtained  by  assuming  a reflectivity  parameter  for  each  grating  line  and 
accounting  for  propagation  and  diffraction  loss  (BELL,  D . T . , JR . . . 1976) . Because  stripe  reflection  coeffi- 
cient data  are  scarce  at  these  high  frequencies,  the  value  of  r ■ - .006  gave  reasonable  agreement  with 
experiment.  For  this  case,  the  unloaded  Q-factor  in  air  was  calculated  (LAKER,  K.R...1977)  to  be  5090.  In 

air  and  5540  in  vacuum.  Figure  2 shows  that  the  increase  in  Q obtained  by  evacuating  the  resonator  was  in 

good  agreement  with  that  calculated  by  simple  theory.  The  Q due  to  propagation  loss  in  vacuum  on  quartz  Is 
12,500  at  0.8  GHz.  This  when  combined  with  diffraction  loss  results  in  a Q of  8000.  which  can  be  approach- 
ed as  other  loss  mechanisms  are  minimized. 

Figure  4 shows  a comparison  of  SAW  and  conventional  electromagnetic  resonators.  The  helical  resonator  is 
one-half  wavelength  long.  The  dielectric  resonator  uses  strontium  titanate  to  reduce  its  size.  The  SAW 
resonators  have  smaller  size,  substantially  higher  Q.  and  the  advantage  of  being  planar.  The  last  factor 
makes  them  compatible  with  integrated  circuits  and  microstrip  and  contributes  to  low-cost  mass  production. 

Figure  5 shows  a comparison  between  a SAW  stabilized  resonator  at  1 GHz  and  a conventional  20  MHz  crystal 
oscillator  with  the  multipliers,  amplifiers,  and  filters  necessary  to  produce  an  output  at  1 GHz.  Quart* 
crystal  oscillators  cannot  operate  at  frequencies  substantially  higher  than  20  MHz,  as  the  thickness  of  the 
crystal  must  be  either  one-half  acoustic  wavelength  thick  or  an  odd  multiple  thereof.  For  frequencies 

above  20  MHz  the  quartz  crystal  becomes  too  fragile.  The  planar  SAW  device  operating  directly  at  1 GHz 

eliminates  the  multiplier  chain  with  an  approximate  savings  in  size  and  weight  of  a factor  of  20  together 
with  increased  reliability.  The  SAW  filter  requires  the  use  of  only  one  surface  of  the  crystal.  The 
remaining  five  sides  may  be  chosen,  for  example,  to  reduce  the  vibration  sensitivity. 

Figure  6 shows  the  insertion  loss  of  the  SAW  resonators  over  a much  broader  range  than  In  Figure  2.  The 
insertion  loss  of  the  unmatched  resonator  is  33  dB  (LAKER,  K.R . . . , 1977) . By  crude  stub  tuner  matching  the 
insertion  loss  was  reduced  to  22  dB  and  the  Q-factor  degraded  to  about  3900.  The  lowest  insertion  loss  of 
10  dB  was  obtained  by  inductive  matching  of  the  input  and  output  transducers. 

The  of f -resonance  coupling  between  the  input  and  output  Is  due  to  electromagnetic  leakage  and  acoi&tic 

cross  talk.  FI  Ides  and  Hunslnger  (FILDES,  R.D 1976)  have  shown  that  unidirectional  transducers  can 

be  used  to  substant i al ly  reduce  the  acoustic  cross-talk  between  the  transducers. 


The  long  term  stability  or  aging  of  SAW  resonators  is  not  as  good  as  conventional  resonatois.  Adams  and 

Kusters  (ADAMS,  CA 1977)  have  observed  long  term  stabilities  of  no  better  than  1 part  in  10®  per  day 

as  compared  to  bulk-wave  resonators,  whose  long  term  aging  is  better  than  1 part  in  10  0 per  day.  As  the 
relatively  young  SAW  technology  matures,  the  aging  should  also  Improve. 

3.  FAST  FREQUENCY  SYNTHESIZER 

We  shall  now  discuss  important  applications  of  SAW  bandpass,  transversal  filters,  which  in  analogy  to 
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discuss  SAW  filters  at  higher  frequencies,  where  they  are  even  smaller.  A 21  channel  conti quous  filter 
bank  from  500  to  600  MM*  occupies  an  area  of  only  9 6y  25mm.  (See  line  drawing  In  Fiquie  7 and  photoqiaph 
In  Fiqure  8.)  Frequencies  can  he  switched  by  the  PIN  diodes  in  less  than  S nsec,  a function  useful  for 
coherent  frequency-hop  codlnq  In  spread  spectrum  communications  systems  (LAKER,  K.R...  1976). 

The  desired  frequency  synthesis  Is  achieved  by  feeding  a uniform  comb  spectrum,  which  is  harmonically  te- 
lated  to  a stable  reference  oscillator  or  clock,  into  the  interbank.  Each  SAW  filter  is  tuned  to  one  of 
the  different  frequencies  of  the  comb  spectrum.  Hence,  a given  frequency  is  continuously  available  at  tire 
output  of  the  filter.  The  spectral  purity  of  this  signal  is  as  good  as  the  out-of-band  rejection  of  the 
filter.  Out -of -band  rejections  in  excess  of  60  dB  are  achievable.  The  stability  of  the  signal  is  tire 
sanre  as  that  of  the  reference  clock.  The  switching  speed  is  that  of  the  diode  switch,  whose  on-off-ratio 
can  be  held  in  excess  of  60  dB . 

Figure  q shows  a mixer  technique  of  using  two  of  the  above  basic  building  blocks  to  substant I al ly  increase 

the  number  of  available  frequencies  (SL0B0DNIK.  A.J..JR 1976).  As  illustrated,  one  tone  from  the  9 

channel  filter  bank  is  mixed  with  one  from  the  7 channel  bank  to  obtain  63  tones  with  only  16  filters 
The  frequencies  of  each  of  the  banks  is  carefully  chosen  so  that,  for  a given  mixing  stage,  only  the  de- 
sired sum  or  difference  frequency  falls  within  the  bandwidth  of  the  broadband  e lec t romagnet i c filter 
following  the  mixer  (thereby  eliminating  mixer  spurious)  The  second  mixer  stage  can  be  used  to  produce 
the  desired  output  frequencies.  Figure  9 also  illustrates  the  multipliers  and  snap-diode  comb  generators 
which  can  be  used  to  implement  tire  dual  comb  generator. 

Frequencies  in  the  low  gigahertz  range  can  be  met  with  sub-micrometer  linewidth  interdigital  transducers 
using  either  electron-beam  fabrication  or  direct  optical  projection  from  1 OX  masters,  (BUDREAU,  A.J.. 

1975).  To  reduce  the  demands  on  the  device  f abr i cat i on , these  high  operating  frequencies  may  also  be 
achieved  by  operating  filters  at  third  overtone  modes  or  by  using  high  velocity  substrate  materials  such 
as  aluminum  nitride-on-sapphire  thin  films  and  beryllium  oxide,  whose  velocities  are  of  the  order  of 
6000  m/sec,  (roughly  twice  that  of  ordinary  materials  such  as  quartz).  (BUDREAU.  A. J . , . . . 1975) . 

SAW  filters  with  0.'7  urn  linewidths  and  spaces  on  lithium  tantalate  and  with  a frequency  of  1.03  GHz  were 

fabricated  using  direct  optical  projection  (BUDREAU.  A.J 1975).  Advantages  of  this  technique  are  (I) 

I0X  photol i thograph i c masters  are  less  expensive  than  one-to-one  masters.  (2)  the  master  need  not  be  in 
physical  contact  with  the  substrate  thereby  increasing  its  lifetime,  and  (3)  ease  of  varying  the  magnifica- 
tion  slightly  about  I0X  for  fine  frequency  tuning.  The  final  one-to-one  image  is  obtained  with  a high 
resolution  reducing  lens  directly  in  photoresist  on  the  substrate.  Figure  10  illustrates  high  quality 
0.6  and  0.9  pm  wide  metal  transducer  lines  made  by  direct  optical  projection  (KEARNS,  W.J 1977). 

4.  MULTI PLEXERS 

Contiguous  banks  of  SAW  filters  can  be  used,  as  shown  in  Figure  11,  to  make  compact  frequency  multiplexers. 
The  single  electromagnetic  input  in  Figure  II  comes  through  the  3 dB  input  attenuation  (whose  purpose  is 
to  keep  the  input  vol tage-stand ing-wave- rat i o below  2)  to  the  8 input  transducers.  These  ate  connected 

electrically  In  parallel  to  keep  the  t r i p le- 1 rans f t spurious  below  45  dB  (SL0B0DNIK,  A.J..JR 1975) 

This  novel  technique  eliminates  the  need  for  an  electronic  power-divider  at  the  input,  with  its  associated 
size  and  losses.  The  8 output  transducers,  which  are  barely  visible  in  the  photograph,  are  connected  to 
8 matching  output  inductors.  These,  in  turn,  are  connected  to  the  8 coaxial  cables  going  to  the  output 
connectors  on  the  front  of  the  package.  It  is  apparent  that  these  are  the  largest  size  determining  ele- 
ments in  this  laboratory  prototype  package.  These  connectors  would  not,  of  course,  be  required  in  a sys- 
tems application,  where  the  filterbank  would  be  directly  connected  to  the  output  electronics.  Note  also 
that  there  are  actually  16  SAW  filters  visible  on  the  two  lithium  tantalate  chips.  The  extra  filters 
would  not  be  necessary  due  to  the  very  high  yields  recently  achieved  with  direct  optical  projection 
(KEARNS.  W.J. , . . 1977) . 

A photograph  of  the  insertion  loss  (10  dB  pet  division)  versus  the  frequency  (20  MHz  per  division)  for  the 
8 output  channels  is  shown  in  Figure  12.  The  insertion  loss  across  the  band  was  33.5  dB  plus  or  minum 
1.5  dB  The  insertion  loss  could  have  been  at  least  4 dB  lower  if  there  had  not  been  a 45  dB  triple- 
transit requirement.  Van  de  Vaart  and  Solie  (VAN  DE  VAART , H 1976)  have  obtained  10  dB  Insertion  loss 

for  an  8-channel  multiplexer  ranging  from  190  to  232  MHz  by  the  novel  use  of  multi  strip  couplers  for  di- 
viding the  acoustic  power  on  a lithium  niobate  substrate.  The  triple-transit  was  only  20  dB  down,  however 

The  multiplexers  under  discussion  are  useful  for  (I)  frequency  division  multiplexing  to  obtain  optimum  use 
of  the  bandwidth  capacity  of  a common i cat i ons  channel,  and  (2)  channelized  receivers  for  the  real-time 
spectral  analysis  of  pulses.  Filter  responses  useful  for  pulses  are  different  from  those  for  continuous 
waves  (of  the  sort  used  for  the  frequency  synthesizer).  For  pulses,  filters  are  sought  to  be  highly  selec- 
tive in  the  frequency  domain  and  relatively  distortionless  in  the  time  domain.  One  approach  is  to  use 
contiguous  Butterworth  filters  In  a doub 1 e- detec t i on  signal  processing  scheme  (SL0B0DNIK.  A.J,,  JR.... 1975) 

In  Fiqure  12.  we  have  used  a recently  discovered  (SL0B0DNIK.  A.J. , JR 1975)  Flat  Exponential  Filter  (FEF) 

function,  which  has  a flat  in-band  response,  and  an  exponential  out-of-band  response.  In  contrast  to  a 
Butterworth  filter,  which  is  st ral ght - f orward  to  implement  with  lumped  constant  elements,  the  Flat  Exponen- 
tial Filter,  is  straightfoward  to  implement  with  SAW  transversal  filters.  When  compared  to  a two-pole 
Butterworth  filter,  the  FEF  has  better  frequency  selectivity,  which  is  surprisingly  not  sacrificed  in  the 
time  domain.  This  may  well  be  the  fi»st  of  a series  of  new  filter  functions  which  ate  easier  to  implement 
with  SAW  rather  than  convent  I onal  filters 

5.  LOW  SPURIOUS  DELAY  L I Nl 

finally,  the  application  of  a SAW  delay  line  to  a radar  signal  processing  application  will  now  be  described 
The  most  critical  goal  was  to  maintain  the  t r i pie- t r ans i t and  other  spurious  responses  below  60  dB  at  the 
30  MHz  intermediate  signal  processing  ftegueruy  tSee  Table  l)  At  this  frequency,  bulk  waves  had  in  the 
past  been  difficult  to  suppress  due  to  the  fact  that  they  have  negligible  attenuation.  The  solution  to 
this  problem  was  to  use  an  orientation  of  lithium  tantalate  for  which  the  piezoelectric  coupling  to  volume 
and  plate  waves  was  very  weak  (fARR.  P.H..  1976)  The  MDC  (Minimum  Diffraction  Cut)  of  lithium  tantalate 
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discovered  by  Slobodnik  (SLOBOON I K . A. J . , JR 1975)  to  have  diffraction  spreading  retarded  with  lespect 

to  an  isotropic  medium  by  a factor  of  20.  has  this  desirable  property.  Figure  1}  illustrates  that  the 
longitudinal  volume  wave  spurious,  which  arrives  in  about  5 ^sec  for  YZ  lithium  niobate.  is  absent  for  the 
HOC  lithium  tantalate. 

A line  drawing  of  the  delay  line  is  shown  in  Figure  14.  The  transducers  were  separated  by  3.10385  cm.  The 
bottom  of  the  substrate  was  rough  ground  and  tapered  to  minimize  any  possible  interference  from  bulk,  waves. 
The  lithiun  tantalate  slab  was  epoxied  onto  a stainless  steel  backing  plate.  This  gave  a strong,  rigid 
structure,  which  made  it  an  easy  task  to  maintain  flatness  of  the  top  surface  to  within  three  optical  wave- 
lengths. Randomly  spaced  holes  were  drilled  into  the  stainless  steel  in  order  to  scatter  any  possible 
volume  waves.  The  e I ect romagnet i c leakage  was  maintained  well  below  the  70  dB  level  by  (I)  grounding 
opposite  sides  of  the  transducer  and.  (2)  by  maintaining  the  surface  of  the  crystal  within  0.025mm  of  the 
bottom  of  the  cover.  This  delay  line  illustrates  that  it  is  indeed  possible  to  keep  the  spurious  responses 
of  SAW  components  below  70  dB . 

6.  CONCLUSION 

We  have  reviewed  the  promise  that  SAW  devices  have  for  stabilizing  precision  oscillators  directly  at  fre- 
quencies up  to  I GHz.  Such  oscillators  are  useful,  for  example,  as  clocks  for  CCDs.  Operation  directly 
at  I GHz  eliminates  the  bulky  multiplier  chains  required  with  conventional  quartz  oscillators.  We  have 
shown  how  the  small  size  of  SAW  transversal  contiguous  banks  can  play  an  important  role  in  reducing  the 
size  of  fast  frequency  synthesizers  and  multiplexers  tor  important  commun i cat  ions  applications.  Finally, 
we  have  shown  how  it  is  possible  to  design  SAW  delay  lines  for  radar  signal  processing  applications  with 
all  spurious  echoes  below  70  dB . 
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SUMMARY 

this  paper  presents  work  on  the  development  of  s i 1 icon  - based  monolithic  programmable 
matched  filter  SAW  devices  capable  of  generating  and  processing  binary  code  data,  Two  pro 
grammahle  filters  have  been  designed,  fabricated  and  tested  using  zinc  oxide  film  transdu 
cers  for  surface  acoustic  wave  generation,  piezoresist ive  MOSF1 1 taps  for  detection,  and 
semiconductor  logic  elements  for  phase  and  amplitude  control  of  the  taps.  The  filters  were 
developed  at  a carrier  frequency  of  100  MHz,  with  a 10  MHz  bandwidth  and  a capability  for 
generating  and  correlating  31  bit  l’N  sequences.  The  MOST FT  taps  on  the  first  device  were 
controlled  by  a o x 31  read -only -memory  (ROM)  fixed  code  library  which  could  he  randomly 
accessed.  In  the  second  device  the  ROM  was  replaced  by  a digital  static  shift  register  and 
a bucket  brigade  for  arbitrary  phase  selection  and  amplitude  control.  The  developments  have 
served  to  demonstrate  the  viability  of  the  monolithic  integration  of  SAW  and  semiconduc- 
tor elements,  and  permitted  an  assessment  of  various  aspects  of  the  technology. 

1 . INTRODUCTION 

Surface  acoustic  wave  (SAW)  components  and  devices  have  found  wide  application  in  electronic 
systems  based  upon  their  ability  to  perform  basic  analog  signal  processing  functions  in  a 
more  simple,  reliable,  and  economical  manner  than  their  electronic  counterparts.  They  are 
aptly  suited  for  interfacing  with  electronic  circuit  assemblies:  ll)  as  discrete  packaged 
components  with  connectors  or  pin  leads,  (2)  as  chips  on  hybrid  microelectronic  circuits 
with  wire  and  metallization  interconnects,  and  (3)  monol i thical ly  integrated  with  electronic 
components  and  devices  on  a common  crystalline  substrate,  bach  interface  level  has  an  impor- 
tant place  in  the  application  of  surface  acoustic  wave  technology  to  electronic  systems. 

It  is  the  monolithic  level  of  integration  that  provides  the  greatest  opportunities  and 
challenges.  The  future  progress  of  SAW  technology  may  well  be  measured  by  its  ability  to 
effectively  compete  with  the  myriad  of  innovative  silicon  semiconductor  devices  and  logic 
modules,  which  will  perform  more  complex  signal  processing  functions  at  higher  data  rates. 

It  is  not  believed  that  an  improved  silicon  device  technology  will  obviate  the  need  for  stir 
face  wave  devices,  but  rather  that  a combination  of  the  technologies  can  provide  an  even 
higher  level  of  signal  processing  capability  than  one  alone  could  do.  lor  certain  analog 
signal  processing  functions,  there  will  be  performance,  size  and  economic  advantages  favor 
mg  the  monolithic  integration  of  surface  acoustic  wave  and  semiconductor  device  functions 
on  a single  silicon  substrate.  It  is  important  to  the  future  of  both  technologies  to  develop 
design  capabilities,  and  improved  material  properties  and  fabrication  processes  which  permit 
such  integration. 

This  paper  will  present  the  results  of  two  programs  sponsored  by  Rome  Air  Development  Center 
for  the  development  of  silicon  based  programmable  matched  filter  devices  capable  of  binary 
code  generation  and  detection.  The  matched  filter  devices  developed  under  these  programs 
have  utilized  zinc  oxide  film  layer  transducers  for  surface  wave  generation  on  the  silicon 
and  MOSFFT  devices  for  signal  detection,  and  for  phase  and  amplitude  control.  The  develop 
inents  have  served  to  demonstrate  the  viability  of  such  monolithic  integration  and  permitted 
a quantitative  assessment  of  particular  aspects  of  the  technology.  This  paper  will  describe 
the  design,  processing,  fabrication  and  evaluation  of  the  programmable  devices  and  discuss 
advantages  and  limitations  of  the  technology. 

Z.  GFNIRAI.  INFORMATION 

2.1  Basic  Device  Approach  and  Performance  Requirements 

A pictorial  representation  of  the  three  main  functional  parts  of  the  basic  device  is  shown 
in  Figure  I.  The  various  acoustic  and  electronic  functions  are  developed  on  a properly  on 
ented  and  doped  silicon  substrate  using  semiconductor  process  compat ihle - fabr  icat ion  tech 
niques.  At  each  end  ol  the  device  is  a film  layer  transducer  comprised  of  a thin  aluminum 
interdigital  electrode  structure  with  an  overlay  of  piezoelect r ical ly  active  sputtered  z me 
oxide.  The  transducers  are  the  electrical  inputs  for  rf  pulses  in  the  encoding  mode  and  the 
rf  biphase  sequences  in  the  decoding  mode. 


* This  work  was  sponsored  by  the  IIS  A F'  Rome  Air  Development  Center,  Griff  iss  AFB,  New  York 
under  contracts  130002  ’4  C 0021  and  F30O02  ’6  G 0134. 


Bet  wo  on  the  two  transducers  is  .1  series  of  Ml'S!  1.1'  device  taps  wlmli  serve  as  p 1 e zores  1 s t 1 ve 
detectors  of  t lie  surface  acoustic  wave  energy  generated  by  the  transducers.  These  Mi'S  I I I 
cells  are  placed  in  geometric  arrangements  corresponding  to  t lie  desired  phase  coding  Binarc 
and  quadraphase  coding  can  bo  easily  implemented.  The  del  ice  output  is  taken  from  the  paral 
lei  connected  drain  lines  of  the  Ml'S  I- 1 T device  taps. 


The  third  major  feature 
i>  t t he  Mi'SI  1 T dot  ec  t or 
dvn.imic.il  Iv  programmed  . 
sing  function. 


is  the  semiconductor 
taps.  The  information 
1 1 c od  e s a nd  weights 


circuitry  controlling  the 
m tliis  control  circuitry 
the  taps  according  to  t lie 


Phn  se  and  amp  1 1 1 ude 
may  he  statically  or 
desired  signal  proves 


The  basic  performance  rei|ii  1 rement  s for  the  two  devices  developed  under  the  RAI'C  programs  were 
similar  and  are  shown  in  lahle  1. 


Table  1.  Basic  Performance  Requirements 


Ope ra t 1 ng  frequency 

- HU)  MHz 

Bandwidth  (.3  dh) 

IP  Mil: 

Modu 1 at  1 on 

Bi  Phase  Pseudorandom 

Number  of  Chips 

3 1 

Burst  length 

3.1  ps 

Chip  Rate  Within  Burst  — 

IP  megachips/second 

The  first  device  was  developed  with  phase  programmability  provided  by  an  integrated  read 
only  memory  iKOM)  which  was  mask  programmable.  The  second  device  was  developed  tor  lull 
phase  and  amplitude  programmability  using  a digital  static  shift  register  (I'SSR)  and  bucket 
brigade  device  (BlU'l  for  the  respective  functions.  The  following  section  describes  in  more 
detail  specific  design  and  performance  capabilities  of  the  two  programmable  devices. 

d.2  Device  Design 

In  order  to  properly  design  the  wavelength  periodicities  required  by  transducer  and  detectoi 
structures,  the  acoustic  surface  wave  velocity  characteristics  of  silicon  with  glass  oxide 
layers  must  be  determined.  The  Rayleigh  velocity  is  dependent  upon  the  elastic  properties  ot 
the  silicon  and  oxides,  and  upon  the  orientation  of  the  silicon.  On  silicon  the  velocity  is 
in  the  4 S 0 1'  to  SU'D  m/s  range.  The  thin  layers  of  glass  oxide  required  in  fabricating  and 
passivating  the  MOSFITs  act  to  reduce  by  31  to  SI  the  Rayleigh  velocity  on  silicon.  The  vel 
ocity  reduction  is  larger  in  the  transducer  structure  due  to  the  slower  velocity  ot  the  cun 
oxide.  The  velocity  values  for  the  transducer  and  MOSFIT  tap  region  can  be  obtained  by  com 
puter  catenation  but  must  be  refined  by  experimental  measurement. 

A broadband  low-loss  means  for  conversion  from  electrical  to  acoustic  modes  is  required  for 
processing  at  a maximum  information  rate.  It  is  desireable  to  have  transducer  structures 
which  are  compatible  with  semiconductor  device  processing  techniques.  The  piezoelectric  film 
layer  transducer  best  meets  these  criteria.  Sputtered  zinc  oxide  film  layer  transducers  have 
demonstrated  capabilities  for  efficient  excitation  on  silicon  jllll'kl  RN1  I 1. , T.S...  Id’ll.  The 
transducer  efficiency  is  geometry  (klNO,  il.  S.  . , 19’3)  and  film  quality  dependent  (HlCklR 
Nf  Id. , T . S..,  197b).  Figure  J shows  the  coupling  factor  dependency  as  a function  of  electrode 
geometry  and  film  thickness  to  wavelength  ratio.  The  k-’  coupling  factor  maxima  vary  from  11 
to  31,  which  permits  a minimum  loss  device  with  bandwidths  in  excess  of  ll'l  to  be  developed. 
The  transducer  fabrication,  which  includes  interdigital  electrode  delineation  and  vacuum 
sputtering  of  the  zinc  oxide,  becomes  an  integral  part  of  the  overall  wafer  processing. 

In  the  two  devices  developed,  the  transducers  were  designed  for  operation  at  ll'l'  Mil:  with  a 
10  Mil:  bandwidth.  ZnO  film  thicknesses  of  both  0.05\  and  O.I\  were  used  in  maximum  efficiency 
electrode  geometries.  On  the  first  device  development,  quarter  wavelength  lingers  and  spaces 
were  used  with  a thick  film  type  1 transducer  and  a thin  film  type  1\  transducer.  On  t lie 
second  device  a split  electrode  configuration  was  used  in  the  thin  film  type  11  configuration. 

The  use  of  Ml'SIPT  p iezoeres  i st  ive  detectors  (I'l.AI  Rl'RNh , I..  T.  . , 19711  are  very  attractive 
from  two  perspectives,  first,  they  have  .1  large  detection  bandwidth,  in  excess  of  ll'l'l. 

Second,  detection  phase  and  amplitude  are  easily  controlled  by  gate  voltage.  The  detection 
efficiency  of  MOSFF.Ts  has  been  examined  theoretically  and  experimentally  (STAPHS,  1 . , 

19' l and  PIP  RANl'lll.D,  I’ll..,  197’).  The  piezoresist  ively  generated  current  on  the  drain  line 
Mi  is  related  to  the  power  normalized  gauge  factor,  (Ip,  the  steady  state  dc  drain  current. 

Ip,  the  radian  frequency  of  operation,  a.,  and  the  acoustic  power  per  unit  beamwidth  I'/Wg,  h> 
ip  " tip  lii  iu  P/Wr.  dp  is  a measure  ot  the  degree  of  variation  ot  carrier  surface  mobility 
produced  by  the  lattice  stresses  of  .1  surface  acoustic  wave.  It  varies  with  crystal  surface 
orientation,  direction  of  propagation,  and  carrier  type  in  the  conducting  Mi'S  l;  FT  channel. 
Calculated  values  of  the  gauge  factors  for  specific  orientations  of  silicon  are  given  in 
Table  :. 
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where  g is  the  channel  conductance,  for  a given  gate  to  source  voltage,  it  is  desireable  to 
operate  the  device  in  the  saturation  region  to  minimize  g.  The  insertion  loss  per  tap  under 
typical  operating  conditions  is  m the  35  to  40  dB  region. 

The  first  device  developed  was  fabricated  on  (110)  n type  silicon  with  SAW  propagation  along 
the  [110]  direction  and  detection  with  I’MOS  Ilf  cells.  1'he  second  device  was  fabricated  on 
(001)  p-type  silicon,  with  SAW  propagation  along  the  [ 1 0 0 1 direction  and  detection  with  NMOS 
Flit  cells.  In  each  device,  31  paired  MOST 11  taps  were  developed,  with  one  tap  being  offset 
from  the  other  by  half  an  acoustic  wavelength. 

The  circuitry  which  controls  the  MOSI IT  tap  phase  amplitude  can  be  external  or  integrated  on 
the  same  chip,  if  control  is  external,  a package  or  microstrip  with  t>2  leads  is  required  to 
address  all  taps.  It  is  better  to  integrate  the  control  circuitry  on  the  same  chip  and  min 
imize  the  external  connections. 

On  the  first  of  the  two  devices,  a mask  programmable  read  only-memory  (ROM)  was  developed 
containing  six  fixed  31  bit  codes.  The  particular  code  was  selected  by  biasing  one  of  the 
six  input  lines,  which  in  turn  gate  biased  the  corresponding  taps.  The  code  was  masked  pro- 
grammed into  the  ROM  by  leaving  either  a thin  gate  oxide  or  a thick  field  oxide  under  the 
gate  metal  of  each  ROM  driver.  The  ROM  was  designed  to  switch  codes  within  3.0  /is. 

On  the  second  device  the  control  circuitry  consisted  of  a 31-stage  digital  static  shift 
register  (USSR)  for  tap  phase  selection,  and  a 31  stage  bucket  brigade  device  (BBll)  for  tap 
amplitude  control,  this  represented  a more  flexible  programming  capability,  with  independent 
phase  and  amplitude  control,  at  the  expense  ot  a more  complex  control  circuitry  situation. 
This  type  of  device  more  closely  approaches  an  ideal  transversal  filter.  It  represents  the 
highest  degree  of  integration  of  semiconductor  and  SAW  elements  attempted  on  a single  silicon 
chip. 


2.3  Mask  Fabrication 

The  overall  sue  of  each  device  dictated  that  the  mask  layers  required  for  the  processing 
steps  be  composed.  In  each  of  the  devices  there  was  a major  division  into  three  cells,  two 
end  cells  containing  the  transducers  and  the  center  cell  containing  MOSI I l taps  and  control 
circuitry.  A printout  of  one  end  of  the  ROM  programmable  device  is  shown  in  figure  3.  The 
repetitive  nature  of  the  taps  and  control  circuitry  permitted  a further  division  into  a 
basic  cell  that  could  be  stepped  and  repeated.  The  masks  were  generated  from  computer  tapes 
to  an  llectromask  Stepper.  The  eight  mask  layers  required  for  t lie  shift  register  bucket  in  i 
gade  controlled  device  were  generated  from  a total  of  IS  individual  1 Ox  reticles,  lour  inch 
emulsion  masks  were  used  with  40  and  hO  devices  respectively  on  each  of  the  two  device  masks 
Figure  I shows  the  overall  layout  of  a single  1'SSR  RBI)  device. 


2.4  Wafer  Processing  and  Characterization 

Existing  metal  gate  CMOS  processes  were  modified  to  produce  the  required  p channel  and 
n-channel  circuitry  for  each  device.  Trade  offs  between  conductance,  parasitic  capacitance 
and  resistance  were  analyzed  and  tested  in  order  to  specify  the  substrate  doping  and  pro 
cess  parameters  consistent  with  obtaining  a high  efficiency  device.  Thicker  than  normal  field 
oxides  were  used  to  lower  the  drain  current  to  substrate  capacitance  and  insure  proper  coding 
operation  in  the  ROM  programmable  device.  \ thick  aluminum  (15  KA  ) assured  step  coverage  and 
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also  reduced  parasitic  capacitance  by  permitting  a narrower  drain  current  summing  line.  The 
ROM  programmable  devices  were  fabricated  on  a 2-inch,  20-mil  thick  wafer  with  a capability 
for  two  columns  of  IS  devices  each  (see  figure  5).  The  DSSR-BBD  programmable  device  was  pro- 
cessed on  a 5 inch,  20-mil  thick  wafer  with  three  columns  of  devices  and  a capability  for 
producing  38  device  die  per  wafer  (see  figures  o and  7).  The  wafers  were  processed  in  lots 
of  10. 

The  line  oxide  transducer  processing  followed  MOSFET  wafer  processing  after  glass  passivation 
of  the  entire  wafer  surface.  The  ten  finger  pair  aluminum  interdigital  electrode  structure 
was  patterned  directly  on  the  passivation  glass.  The  line  oxide  was  dc  triode  sputtered 
through  a stainless  steel  mask  where  the  interdigital  patterns  were  developed.  The  aperture 
mask  was  offset  from  the  wafer  a few  mils  in  order  to  develop  a tapered  transition  region  be- 
tween film  and  glass  passivation.  Details  of  the  sputtering  conditions  have  been  described 
elsewhere  (HICKERNELl. , I.S...  197b). 


Prior  to  die  separation,  wafers  were  visually  and  electrically  tested  to  determine  which  de- 
vices were  suitable  for  packaging.  The  bulk  of  the  electrical  testing  was  done  on  the  fair 
child  Sentry  t>00  Tester,  which  is  capable  of  performing  appropriate  electrical  measurements 
on  the  MOSf'ET  circuitry  of  all  dice  on  the  wafer  and  of  printing  out  the  results.  A specially 
made  probe  card  was  used  to  contact  all  input  and  output  pads  of  the  circuit.  Among  the 
various  parameters  evaluated,  the  tests  identified  devices  with  high  leakage  currents,  de- 
termined tap  current  uniformity  and  tested  functionality  of  the  control  circuitry  (e.g., 
bucket  brigade  and  shift  register  devices).  There  was  an  excellent  correlation  between  the 
results  of  the  wafer  testing  and  the  rf  performance.  The  yield  of  good  devices  averaged  near 
184  for  the  ROM  devices  and  exceeded  404  for  the  DSSR-BBP  devices. 

The  final  selection  of  dice  was  made  on  the  basis  of  visual  examination  of  the  electrically 
good  dice.  A Tempress  saw  was  used  to  separate  the  long  narrow  shaped  chips.  The  die  sires 
were  770  mils  by  75  mils  for  the  ROM  controlled  device  and  8b0  mils  by  loo  mils  for  t lie  USSR 
BBD  controlled  device. 

2.S  Device  Assembly  and  Packaging 

A commercially  available  1.0  inch  by  0.5  inch  all-metal  flat-pack  from  Isotronics  Inc.  was 
chosen  to  house  the  MOSPP.T  chip  and  ceramic  thick  film  interconnect  substrates.  The  chip  was 
placed  off-center  to  keep  the  wire  bonds  to  the  drain  line  and  ZnO  transducers  as  short  as 
possible.  All  internal  package  interconnections  are  1 mil  aluminum  wire  ul t rason ica 1 1 y 
bonded.  The  gold  metallized  ceramic  substrate  and  the  MOSFET  chip  were  secured  in  the  package 
using  a conductive  silver  adhesive  (E-KOTE  5030).  The  adhesive  provides  a strong  bond  with 
high  electrical  conductivity  while  permitting  part  removal  by  dissolving  the  adhesive  in 
Trichloroethylene.  Dow  Corning  RTV  3144  was  used  to  dampen  the  unwanted  end  reflections.  A 
brass  test  fixture  with  OSM  connectors  was  used  to  house  the  packaged  device  and  matching 
circuit  during  rf  testing.  Special  care  had  to  be  taken  to  electrically  isolate  the  matching 
circuitry  so  as  to  prevent  any  direct  feedthrough  of  signals.  Photographs  of  the  packaged 
ROM  and  DSSR-BBD  devices  are  shown  in  Figures  8 and  9. 

2.b  RF  Evaluation 

Testing  at  rf  can  be  done  at  two  levels.  The  first  is  at  the  basic  device  level,  which  char- 
acterizes performance  parameters  and  determines  if  the  device  is  suitable  for  testing  as  a 
system  element.  Testing  at  a system  level  involves  functioning  of  the  device  under  conditions 
in  which  it  will  be  used,  such  as  continuous  signal  encoding  and  decoding  in  a simulated 
communications  environment.  Most  of  the  testing  of  the  devices  has  been  done  at  the  basic 
device  level.  A short  (100  ns)  burst  of  pulsed  rf  applied  to  the  packaged  and  matched  devices 
is  used  to  determine  the  efficiency  of  transducer  and  taps,  characterize  the  phase  and  ampli- 
tude of  the  output  waveform,  and  determine  the  signal  feed-through  level.  The  transducer  to- 
transducer  loss  corrected  for  attenuation  through  the  taps  gives  a measure  of  the  transducer 
efficiency.  The  loss  from  the  transducer  to  the  first  and  subsequent  taps  can  be  used  to 
establish  the  MOSFET  detection  efficiency  and  propagation  loss  through  the  MOSFETS.  The  short 
pulse  also  isolates  the  direct  feedthrough  signal  from  the  detector  output  signal,  and  its 
magnitude  may  be  measured. 

Figure  10  shows  the  output  from  31  in-phase  PMOS  FET  taps  in  response  to  a pulse  input.  The 
total  loss  from  pulsed  rf  to  output  of  the  first  tap  is  approximately  80  dR  under  a nominal 
drain  current  of  15  mA.  The  single  transducer  loss  is  typically  15  dB  with  an  added  3 dB  for 
bidirectionality  and  3 dB  for  acoustic  channel  splitting.  The  expansion  loss  for  31  bits  is 
15  dB  and  there  is  typically  an  additional  3 dB  loss  for  matching  and  parasitic  elements. 

This  gives  a piezoresist ive  coupling  efficiency  near  40  dB  per  tap.  For  the  NMOS  FET  taps  a 
coupling  efficiency  of  35  dB  was  obtained  under  similar  operating  conditions. 

It  is  evident  from  the  scope  photograph  that  there  is  a substantial  signal  amplitude  droop 
and  a coupling  pulse  which  exceeds  in  amplitude  the  output  signal.  These  two  factors  will  be 
addressed  in  the  section  which  follows  on  technology  analysis. 

If  the  device  taps  are  encoded  by  ROM,  DSSR-BBD  or  hard  wiring,  correlation  properties  can 
be  evalu  . ed . The  code  generation  can  be  from  the  matched  device  or  a separate  electronic 

code  generator.  Figure  11  shows  a scries  of  three  encoded  waveforms  on  the  ROM  programmable 

device.  Because  amplitude  droop  limited  the  coded  outputs  of  the  devices  developed,  a better 

measure  of  correlation  properties  was  obtained  by  generating  a uniform  amplitude  code  elec- 

tronically. The  best  performance  was  obtained  with  a thin  ZnO  transducer  (2.8  pm)  on  the  ROM 
controlled  device,  which  had  only  a b dB  coded  waveform  amplitude  droop.  A photograph  of  the 
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autocorrelation  output  waveform  for  a 31 -bit  code  is  shown  in  l-'igure  12.  The  peak- to- s idelobe 
autocorrelation  was  11.5  dB  compared  to  a theoretical  of  17  JH.  The  correlated  peak  was  very 
symmetrical  and  had  the  theoretical  200  ns  width.  The  auto  to  cross-correlation  margin  was 
> dll.  The  loss  from  the  expanded  sequence  to  the  correlated  waveform  was  44  dB,  consistent 
with  the  40  JB/tap  p ieiores i st i ve  conversion  loss.  The  photograph  indicates  a high  signal 
quality  for  the  correlated  output. 

The  utility  of  the  ROM  device  for  systems  use  was  demonstrated  by  generating  long  coded 
sequences  in  a pseudorandom  manner.  Two  of  the  ROM  controlled  devices  with  supporting  logic, 
rf  switching  and  amplifier  circuits  were  randomly  coded  and  alternately  pulsed  to  generate 
the  continuously  coded  signal.  The  logic  used  could  generate  a short  b4  word  nonrepeating 
oi  a 5 -day  non  repeating  sequence. 

The  DSSR-BBD  device  was  not  evaluated  in  a system  environment.  The  ability  of  the  digital 
shift  register  and  bucket  brigade  to  control  tap  phase  and  amplitude  was  evaluated.  The  shift 
register  would  control  the  tap  phase  hut  with  some  degradation  in  amplitude  when  a single  tap 
was  phase  switched.  This  was  due  to  off-on  ratios  in  the  shift  register  circuitry.  The 
range  of  tap  amplitude  control  through  the  bucket  brigade  was  10  dB.  The  desired  amplitude 
ontrol  of  20  dB  was  limited  by  body  effect,  the  change  in  threshold  voltage  with  bias 
which  occurs  in  NMOS  FETs.  The  ability  to  control  tap  phase  and  amplitude  was  demonstrated 
and  design  changes  can  correct  present  deficiencies  to  obtain  a full  range  of  tap  control. 

2.7  Technology  Analysis 

\ technological  analysis  of  this  type  of  SAW  programmable  device  may  be  looked  at  from  both 
fabr  icat ional  and  performance  viewpoints.  Eabr  icat  ional ly , the  device  is  large  and  unusual 
in  site  but  standard  LSI  circuit  technology  can  be  directly  applied.  There  is  not  as  high 
a density  of  active  devices  as  in  some  LSI  circuits.  The  packaging  and  assembly  techniques 
are  considered  standard.  Correlation  between  wafer  probe  and  rf  device  evaluation  has  been 
excellent.  Yield  factors  are  high,  in  excess  of  401  on  the  second  device.  In  quantity  pro 
duction  with  proven  mask  sets,  an  even  higher  yield  is  anticipated.  All  evidence  points  to 
the  fact  that  in  large  quantity  production  a very  low  device  cost  can  be  attained. 

The  overall  performance  of  the  2nO/Si  MOSFLT  matched  filter  devices  is  considered  extremely 
encouraging.  The  MOSFET  tap  generated  and  detected  waveforms  on  both  devices  were  clean  and 
phase  reversals  were  distinct.  Autocorrelated  waveforms  have  approached  theoretical  values. 

\ high  degree  of  rf  tap  to  tap  isolation  has  been  achieved. 

Two  major  problem  areas  were  encountered  on  the  ROM  programmable  device:  11  direct  signal 
coupling  between  input  and  output,  and  2)  considerable  amplitude  droop  in  the  time  wave- 
form. The  signal  feedthrough  was  only  7(1  dB  below  the  input  pulse  under  the  best  grounding 
and  isolation  conditions  that  could  be  obtained.  In  the  DSSR-BBD  programmable  device,  addi- 
tional design  measures  were  taken  to  assure  that  there  was  no  feedthrough  paths  internal  to 
the  silicon  or  its  immediate  package  environment.  The  direct  signal  coupling  was  brought  to 
the  90  dB  level  and  it  is  not  considered  an  inherent  device  problem. 

The  amplitude  droop  problem  which  was  also  present  on  the  USSR  BB1)  device,  is  related  to  the 
standard  MOSFFT  structure.  Step  oxide  and  aluminum  regions  are  present  with  structural  dis 
continuities  up  to  2 am  in  the  path  of  the  surface  wave.  Even  though  these  represent  small 
fractions  of  a wavelength,  (<0.05j  the  additive  effect  of  several  repeated  discont inut ies 
is  to  cause  a significant  amount  of  surface  wave  energy  to  be  reflected.  The  solution  to  this 
problem  is  to  minimize  these  structural  discontinuities.  The  height - to-wavelength  ratio  of 
the  discontinuities  must  he  reduced  to  near  0.01  to  bring  the  total  reflection  through  31 
taps  to  the  1 dB  level.  This  is  not  easily  achieved  through  modification  of  standard  pro 
cesses.  Decreased  oxide  and  aluminum  thicknesses  must  be  traded  off  against  increased  para- 
sitic capacitance  and  resistance,  and  current  carrying  ability.  It  is  estimated  that  signal 
droop  across  a 31  tap  structure  will  be  brought  to  3 dB  by  adjustments  in  standard  process 
techniques.  Additional  improvement  must  come  from  isoplanar  processing  with  buried  oxide 
layers  and  silicon  contacts  to  the  source  and  drain  regions.  Analysis  and  experimentation 
will  be  required  to  confirm  these  expectations. 

The  addition  of  the  bucket  brigade  and  shift  register  as  control  circuitry  for  the  taps  in 
creased  the  complexity  of  the  device  and  its  sensitivity  to  process  variables.  The  shift 
register  presented  no  major  problems  and  increased  the  versatility  of  code  selection.  The 
bucket  brigade  lacked  sufficient  dynamic  range  to  have  full  tap  amplitude  control.  A 20  dB 
dynamic  range  is  possible;  however,  it  may  be  necessary  to  consider  other  alternatives  for 
tap  amplitude  control. 

System  wise,  the  rate  of  coded  data  flow  i--  limited  by  the  time  in  which  the  taps  may  be  re 
set  by  the  control  circuitry.  In  the  case  of  the  ROM  controlled  device,  3.0  p s was  suft'i 
cient  and  it  was  possible  to  use  two  devices  for  contiguous  coded  signal  generation.  The 
DSSR-BBD  control  circuitry  requires  approximately  35  ns  for  the  setting  of  the  31  tap 
phases  and  amplitudes.  The  bucket  brigade  is  designed  to  operate  at  a 1 MHz  rate  and  the 
shift  register  at  a 10  MH : rate.  Bv  developing  a 20  Mil:  shift  register  rate  and  using 
parallel  inputs  for  voltage  control,  the  coded  data  rate  can  be  brought  to  near  3.0  ns. 

Increasing  the  device  efficiency  shuild  be  a major  area  of  concern  in  future  work.  There  is 
room  for  improved  zinc  oxide  transduction  efficiency  in  the  thick  film  mode.  The  MOSFET  con 
version  efficiency  could  be  improved  through  the  use  of  a higher  concentration  of  acoustic 
power  in  the  channel  region.  This  would  help  reduce  the  amount  of  drain  current  required  to 
obtain  useable  -ignal  levels.  Presently  the  power  per  coded  bit  at  maximum  efficiency  is  in 
the  50  to  100  milliwatt  region. 
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The  use  of  piezoelectric  gate  oxides  may  be  u viable  approach  for  significantly  reducing  the 
conversion  loss  at  the  piezoresist  ive  taps  (GREENE  ICil,  E.  W.  . , 1975). 

3.  CONCLUSION 

The  devices  developed  under  the  two  RADC  programs  served  to  demonstrate  the  feasibility  of 
melding  piezoelectric  film  transducer  technology  and  semiconductor  MOSFET  technology  to 
achieve  a monolithic  programmable  surface-wave  matched  filter  with  stored  coding  functions. 
There  are  several  unique  features  which  set  these  developments  apart  from  other  program- 
mable match  1 filter  developments.  It  is  truly  monolithic,  using  a silicon  substrate  upon 
which  the  MOSFET  detecting  structures  and  control  circuitry  are  semiconductor  processed  and 
the  zinc  oxide  transducer  structures  are  developed.  Film  metalization  interconnects  are  used 
throughout.  The  use  of  gate  voltage  controlled  MOSFET  taps  for  code  phasing  and  amplitude 
weighting  eliminates  the  necessity  for  complex  hybrid  switching  structures  which  require 
considerable  wire  bond  interconnections.  A high  degree  of  rf  tap-to-tap  isolation  is  achieved. 
The  zinc  oxide  film  transducers  permit  a wideband  signal  to  be  generated  with  relatively  low 
loss.  The  bandwidth  characteristic  of  the  MOSFF.T  detectors  is  extremely  broad,  and  detection 
efficiency  increases  with  increasing  frequency.  The  reliability  and  reproducibility  of  the 
device,  which  uses  standard  MOSFF.T  processing,  is  good  and  the  potential  cost  in  high  volume 
should  be  substantially  better  than  hybrid  or  more  fabr icat  ional ly  complex  epitaxial  struc- 
tures. The  temperature  coefficient  of  delay  should  be  reasonably  good  because  of  the  rela- 
tively low  negative  coefficients  of  zinc  oxide  and  silicon,  and  the  positive  coefficient  of 
SiOj.  Compared  to  digital  electronic  technology,  it  represents  a simpler  device  structure. 

It  presently  requires  somewhat  higher  power  per  bit  than  electronic  counterparts  but  offers 
the  advantages  of  operating  directly  at  rf  frequencies. 

Work  remains  to  be  done  in  the  minimization  of  tap  reflections,  increasing  overall  device 
efficiency  and  optimizing  the  tap  control  circuitry  before  this  type  of  device  reaches  its 
full  potential  and  is  ready  for  system  implementation.  Present  problem  areas  which  restrict 
performance  can  be  solved  by  design  and  process  changes.  Considering  the  amount  of  signal 
processing  that  can  be  done  in  such  a small  form  factor  at  low  cost,  it  seems  important  to 
develop  new  designs  and  better  processing  techniques,  which  capitalize  on  the  best  features 
of  the  technology  and  optimize  the  acoustic/semiconductor  interactive  effects. 
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EXPERIMENTS  AND  ANALYSIS  OF  ACOUSTOELECTRIC  MEMORY  CORRELATORS 

K.A.  Ingebrigtsen , A.  Rtfnnekleiv  and  S.  Stueflotten 
Electrical  Engineering  Department 
The  University  of  Trondheim 
7034  Trondheim-NTH , Norway 

SUMMARY 

This  paper  describes  progress  in  the  development  of  acoustoelectric  diode  memory  correla- 
tors. The  fabrication  technique  is  described  in  some  detail  and  experimental  results 
from  devices  using  Schottky  diodes  and  pn-diodes  are  given.  A simple  model  for  analysis 
of  the  performance  is  given.  This  model  describes  adequately  several  of  the  experiment- 
ally observed  features  in  the  recording  process,  of  the  storage,  and  of  the  correlation 
read  out.  However,  it  appears  inadequate  to  explain  an  experimentally  observed  frequency 
dependence  of  the  correlation  output  efficiency.  The  experiments  suggest  that  the  model 
needs  improvements  in  the  description  of  the  recording  process. 

1.  INTRODUCTION 

The  acoustoelectric  diode  memory  correlator  first  demonstrated  by  Ingebrigtsen  et  al . 
(1975)  emerged  as  a practical  implementation  of  the  concept  of  a fast  programmable  analog 
signal  processor  proposed  by  Stern  and  Williamson  (1974)  . The  basic  concept  is  shown 
schematically  in  Fig.  1.  It  consists  of  a surface  wave  delay  line  with  a silicon  strip 
mounted  adjacent  to  the  delay  line.  The  silicon  surface  facing  the  piezoelectric  delay 
line  crystal  is  covered  with  an  array  of  free  standing  diodes.  A signal  launched  into 
the  delay  line  can  be  recorded  and  stored  as  charge  on  the  diode  array  by  applying  a 
short  impulse  to  the  plate  contact  to  forward  bias  the  diodes.  The  diodes  will  charge  up 
proportionally  with  the  local  field  which  is  the  sum  of  the  space  uniform  field  from  the 
plate  impulse  and  the  local  field  from  the  surface  wave.  Thus,  provided  the  plate  impulse 
is  short  compared  to  the  period  of  the  rf-signal,  the  diode  charges  reflect  the  local 
phase  and  amplitude  of  the  surface  wave  signal.  The  storage  of  the  signal  is  determined 
by  the  leakage  current  turough  the  diodes. 

Through  the  nonlinear  capacitance  of  the  diodes,  the  spatially  varying  charge  will  mix 
with  other  signals  of  the  same  spatial  period  subsequently  launched  into  the  delay  line 
and  generate  an  output  signal  across  the  plate  contacts  which  is  essentially  proportional 
with  the  correlation  of  the  input  signal  with  the  stored  charge  pattern.  Specifically, 
when  the  stored  charge  pattern  is 

Q ( z)  • cos  kz  , (1) 


and  the  external  signal  is 


D(z-vt)  -cos  (wt-kz)  , 


the  output  voltage  is 


V . (t)  'v  cos  oot 
out 


Q ( z)  • D ( z-vt) dz 


interaction 

length 


(2) 


(3) 


The  initial  experiments  applied  platinumsilicide  Schottky  diodes  on  10-50  flcm  n-type 
silicon  (INGEBRIGTSEN  1976)  . These  experiments  showed  that  the  diodes  could  be  charged 
with  a few  nanosecond  plate  pulse  and  that  storage  times  of  tens  of  milliseconds  could  be 
obtained.  Subsequent  experiments  using  pn-diodes  (DEFRANOULT  et  al.  1976)  have  shown 
different  results,  namely  charging  times  of  'v  0. 1-1.0  usee  and  storage  times  of  10-100 
seconds.  With  these  long  charging  times  it  is  necessary  to  apply  an  rf-burst  at  the 
signal  frequency  to  the  plate  to  maintain  coherence  during  the  charging  period  of  10-100 
rf-periods.  Modified  configurations  and  other  permutations  of  input  and  output  ports 
have  been  demonstrated  (BORDEN  et  al.  1976,  TAKADA  et  al.  1976,  DEFRANOULT  et  al.  1976)  . 

In  general  the  results  show  that  the  signal  to  be  recorded  must  be  a small  signal  super- 
imposed on  the  large  recording  signal  if  a fast  and  efficient  recording  without  dis- 
tortion is  desired.  An  interesting  mode  of  operation  is  the  integrating  correlator 
(RALSTON  et  al.  1977,  BORDEN  and  KINO  1977)  . The  input  signal  is  then  applied  both  to  the 
input  transducer  and  the  plate  terminal.  A delay  line  is  inserted  into  the  plate  terminal 
to  compensate  for  the  delay  from  the  input  transducer  to  the  center  of  the  interaction 
region.  If  both  signals  are  small  signals  they  produce  a stationary  charge  pattern  on 
the  diodes  with  a spatial  period  corresponding  to  the  acoustic  wavelength.  This  charge 
pattern  is  proportional  with  the  autocorrelation  of  the  input  signal.  By  appropriate 
adjustment  of  parameters  such  as  pre-biasing  the  diodes,  the  accumulated  diode  charge  can 
be  integrated  for  milliseconds.  The  stored  charge  pattern  can  finally  be  read  out  by 
applying  a short  scan  pulse  to  the  delay  line.  It  is  worth  noting  that  although  the  auto- 
correlation gain  corresponds  to  integration  for  milliseconds  it  is  only  the  central  part 
of  the  autocorrelation  corresponding  to  the  delay  time  through  the  interaction  region 
that  is  recorded. 

Since  the  first  demonstration,  notable  progress  in  the  fabrication  technology  has  been 
reported.  Although  the  first  devices  showed  quite  promising  performance,  they  exhibited 
several  undesired  features  such  as  uncontrollable  electromagnetic  feed-through,  uncontroll- 
able and  often  high  spurious  signal  levels,  and  non-uniform  interaction  and  storage  across 
the  length  of  the  silicon  strip.  Substantial  improvements  have  been  reported,  but  further 
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Improvements  are  probably  desirable.  An  example  of  a reasonably  well  performing  Schottky- 
diode  device  is  shown  in  Fig.  2.  The  photograph  shows  the  autocorrelation  of  a linear 
KM-chirp  with  a time  bandwidth  product  of  ISO.  The  correlation  is  performed  after  a 
storage  time  of  3 milliseconds.  The  response  is  relatively  clean  with  all  spurious  ami 
feedthrough  more  than  25  dB  down  over  the  .10  MHz  bandwidth  of  the  chirp. 

2.  PKSldN  CONSlliKKATlONS  ANP  FABKH'AT ION  TECHNIQUES 

The  fabrication  of  air  gap  coupled  acoustoelectric  devices  can  be  divided  in  4 main  steps, 
silicon  fabrication,  delay  line  fabrication,  assembly,  and  package  design.  The  memory 
correlator  Imposes  specific  requirements  on  fabrication  which  differs  from  those  of  the 
acoustoelectric  convolver  (RFIBLE  et  al.  1076)  . Most  of  our  effort  has  been  devoted  to 
the  delay  line  fabrication  and  the  assembly  technique. 

The  bulk  resistivity  of  the  silicon  is  usually  chosen  as  a compromise  between  efficient 
interaction  over  the  processing  length,  uniformity  in  the  interaction,  and  uniformity  in 
storage.  As  with  the  convolver,  increased  interaction  leads  to  stronger  acoustoelectric 
losses.  In  convolvers  the  optimum  coupling  therefore  occurs  for  an  acoustoelectric 
attenuation  of  8.5  dB  over  the  interaction  length.  This  can  be  obtained  for  various 
silicon  resistivities  by  adjusting  the  air  gap  correspondingly.  However,  for  given  center 
frequency,  bandwidth,  and  interaction  length,  there  is  one  specific  combination  of  silicon 
resistivity  and  air  gap  which  gives  an  optimum  coupling  and  a minimum  frequency  variation 
over  the  bandwidth.  An  attenuation  of  8.5  dB  over  the  interaction  length  is  often 
unacceptable  in  a correlator  since  it  effectively  leads  to  a reduction  in  processing  gain. 

Adding  all  these  constraints  one  usually  ends  up  with  silicon  resistivities  between  10-JO 
Hem  for  devices  with  center  frequencies  in  the  range  100-300  MHz,  and  integration  time 
below  10  nsec.  Within  this  resistivity  range  it  is  our  experience  that  the  low  resistivity 
samples  generally  show  better  uniformity  over  the  interaction  length.  On  the  other  hand, 
we  have  observed  the  longest  storage  times  on  high  resistivity  devices.  Typically  figures 
which  can  be  related  to  the  silicon  are  interaction  uniformities  better  than  1-2  dB  over 
5-10  nsec  interaction  length,  storage  time  variations  by  a factor  of  2-3  over  the  inter- 
act ion  length,  and  average  storage  time  variations  between  samples  from  different  wafers 
and  different  resistivities  of  a factor  of  5.  No  doubt  these  figures  can  be  improved  by 
a more  dedicated  silicon  technology  than  ours. 

The  delay  line  fabrication  and  assembly  technique  that  we  have  explored  are  with  some 
modifications  based  on  a technology  developed  by  the  Microsound  group  at  the  MIT  Lincoln 
Laboratory  (SMITH  1975,  and  RALSTON  1975).  One  of  the  constraints  encountered  in  memory 
correlator  design  which  is  not  present  in  convolver  design  is  to  reduce  the  thickness  of 
the  LiNbOj  crystal  so  that  the  diodes  can  be  charged  from  a reasonable  plate  pulse  source. 
Although  the  charging  of  the  diodes  primarily  is  controlled  by  the  current,  it  is  nece- 
ssary that  a voltage  of  0.5  V or  so  is  available  to  the  Schottky  diodes  if  they  shall  be 
charged  with  a single  pulse.  Since  the  applied  plate  pulse  appears  across  the  diodes  in 
series  with  the  capacity  of  the  air  gap  and  the  I.iNbO)  crystal  it  is  clearly  desirable  to 
make  the  LINbOj  crystal  thin  to  reduce  the  requirement  for  available  voltage  from  the 
plate  pulse  source.  A schematic  of  the  configuration  is  shown  in  Fig.  3. 

To  achieve  this  we  have  worked  with  LiNbC>3  crystals  of  thicknesses  between  100-200  nm. 

The  thin  crystal  is  glued  onto  a thicker  500  nm  LiNbOj  crystal  which  also  supports  the 
backing  electrode  on  the  interface  between  the  two  crystals.  For  the  bonding  of  the  two 
crystals  we  have  used  a UV-hardening  epoxy  resin.  The  epoxy  is  spun  on  the  base  crystal 
in  a conventional  photoresist  spinner  to  obtain  a uniform  layer  of  t 3(im  thickness.  The 
two  crystals  are  pressed  together  in  vacuum  to  provide  a uniform  contact  with  no  air- 
bubbles  in  the  epoxy  layer.  The  epoxy  is  ultimately  hardened  by  exposing  it  to  UV-light. 
The  transmission  characteristic  of  a 12  nsec  delay  line  on  this  configuration  shown  in 
Fig.  4,  demonstrates  a clean  response  without  any  observable  multimode  effects.  The 
observed  ripple  is  caused  by  reflections  from  an  auxiliary  transducer. 

In  the  convolver,  where  the  output  is  on  the  second  harmonic  of  the  input  signals,  all 
spurious  modes  can  be  effectively  filtered  at  the  output.  This  is  not  the  case  with 
memory  correlators  where  the  output  occurs  on  the  signal  frequency.  Thus  all  spurious 
signals  appear  in  the  passband  of  the  output  signal.  Since  the  correlation  output  usually 
is  40-60  dB  below  the  input  signal,  further  suppression  of  spurious  signals  puts  severe 
demands  on  the  design.  With  the  described  configuration  we  observe  spurious  signals  which 
can  be  related  to  thickness  resonances  of  the  thin  LiNbOj  crystals  as  well  as  the  thicker 
base  crystal.  These  resonances  produce  spurious  signals  which  are  usually  30-40  dB  below 
the  correlation  output  signal. 

For  the  cleaning  and  assembly  we  have  applied  with  small  modifications  the  technique  des- 
cribed by  Smith  (1975).  The  silicon  is  supported  on  an  RTV-pillow  to  maintain  a uniform 
pressure.  In  addition  to  applying  plastic  coatings  to  the  silicon  and  the  delay  line 
surface  to  peel  off  dust  particles,  it  is  usually  necessary  with  an  additional  manual 
cleaning  to  rip  off  the  last  few  stubborn  dust  particles.  The  whole  assembly  can  normally 
be  completed  within  S hour. 

In  order  to  maintain  a controlled  gap,  we  have  applied  chromium  dots  of  200-300  nm  height 
rather  than  ion  beam  etched  posts  ( INO.EBRIGTSEN  et  al.  1975).  The  chromium  dots  of  dia- 
meter 2-3  \,m  are  randomly  positioned  on  the  delay  line  surface  with  a density  of  100-200 
dots  per  nun’.  We  have  not  observed  any  artifacts  which  can  be  related  to  the  use  ot 
chromium  dots  Instead  of  LiNbOj  posts. 
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A :,[W.  Ch'  ptoblem  in  t he  package  design  i .*•  to  elirsnate  t h»*  e 1 re  t i omagnrt  1 e feedthrough 
between  input  wind  output  circuitry.  it  la  usual  Is  suit  to  lent  t.>  suppress  this  feed- 
tin  ih  by  100  dB . Howevei  , this  requites  both  a careful  design  ! the  package  t ■ 
suppress  coup  l ino  through  the  package  itsvlt  as  well  a?,  specific  nie.v:*.  t-  t « ■ ns  the 
e lectromagnot ic  coupling  through  the  LiNbOj  crystal.  The  lattei  can  t<  > atioiu  i by 
apply mg  grounded  metal  shields  around  the  input  transduce!  on  t h»  aurhuv  • t the  thin 
l.  iNbe,  plate  as  we  1 1 as  on  the  inter  t.-uv  to  the  thicket  basi-  . iystal. 


FXl'l'K  IMFNTAl  Kb.  BUI  lb 

Several  devices  using  platinums i l icuie  Sehottky  diodes  with  periods  ranging  t rom  5 .m  t 
i 2 . s and  pn-di.  les  of  pet  iod  l 2 . 5 .an  have  been  t abric.it  ed.  The  Sehottky  diode  device:, 
have  been  operated  at  cento i frequencies  ot  100  MHz  and  .’00  MHz,  tie  pn-diode  leaner 
a round  100  MHz  eentei  frequency.  The  purpose  ot  the  experiments  has  been  to  evaluate  the 
fabricat  ion  technique,  establish  wi  desiqn  model,  and  to  exploit'  performance  limits. 

. n i e * , 1 1 1 s of  the  experiments  carried  out  so  t it  may  be  summarized  as  tel  lows. 


The  fabrication  procedure  is  adequate  tv*  control  interact  um  uniformities 
within  2 dB  over  interaction  lenqths  ot  2-  * cm  corresponding  to  integration 
times  ot  6-9  nsec. 

The  configuration  with  a thin  l.  iNbOj  plate'  glued  onto  a thicket  base  ciystal 
result.*,  m *.put  iour.  levels  10  dB  below  he  corn'!  at  ion  signal  over  a 20  pet 
cent  bandw idth . 


• .-h.  t ky  diodes  can  be  charged  with  a 2 nsec  plate  pulse,  while  pn-diodes 
require  integrated  charging  with  an  rf-burst  ot  \ 0.5  .sec  time  dura t ion. 

Storage  t imes  range  t rom  msec  in  Sehott  ky  diodes  and  up  tv'  100  sec  in 

pn-d lodes.  The  storage  t ime  may  vary  by  a tactoi  ot  2-  t over  inteiaction 
lengths  of  2-'*  cm  for  both  kinds  ot  diodes.  The  storage  time  increases  some 
what  with  the  plate  pulse  amplitude.  This  ts  particularly  notable  tw*i  pn 
diodes  which  require  a long  rf-burst  on  the  plate.  The  storage  time  in  pn- 
d lodes  is  frequency  dependent  with  shorter  storage  timer.  tor  higher  frequencies. 
The  observed  voltage  and  frequency  dependence  v't  the  storage  time  in  pn-.i  iv.ies 
is  demonstrated  in  Figs.  5 and  t* . 


W » * have  observed,  for  Bchottky  diodes  and  pn-diodes , a fiequency  dependence  ot 
the  correlation  output  which  is  not  observed  when  the  same  devices  ate  operated 
m a convolution  mode . Subtracting  .til  known  frequency  dependent  factots  such 
as  plate  pulse  duration,  diode  geometry,  and  measured  ttequeney  dependence  v't 
the  storage  time,  a substantial  i eduction  in  the  correlation  et t leiency  with 
increasing  frequency  is  observed.  With  Sehottky  diodes  we  have  observed  a i.il! 
of  t t v *wards  higher  tiequencies  proportional  with  the  trequency  to  the  itvl  aiul 
4th  pi *we i , and  with  pn-diodes  .is  high  .ts  the  6th  power.  An  example  v't  tills  i -• 
shown  in  Fig.  7 for  a pn-diode  device.  We  have  no  explanat  ion  v't  these  obser- 
vations, but  the  experiments  point  towards*  a dot  leiency  in  the  charging  pieces  -. 
We  believe  that  it  i s important  tv*  understand  and  maybe  t i ml  a solution  to 
this  problem  since  it  may  ult  imately  lead  to  the  fabr  teat  ion  v't  more  et t lolent 
devices . 


4 . MODEM,  I NCI 

For  the  cent  igur  at  Ion  shown  in  Fig.  6 .i  per  unit  area  equivalent  circuit  movie  1 has  been 
applied  for  the  analysis.  A simllai  model  lias  recently  been  proposed  by  Kino  (KINO,  d . , 
197,’).  The  problem  may  be  separated  In  space- independent  t lelds  and  currents  related  t ' 
t lie  plate  circuit  and  ..pact?  dependent  t lelds  associated  with  the  acoust  le  suit  ace  wave. 
With  reference  to  the  expot  imental  conditions  it  is  necessary  to  oat  ry  out  a large  s nina  1 
analysts  for  the  .pa.  « unitv'im  plate  current  during  charging,  wheieas  the  v'ui  i enl  a:.*.ocia 

ted  with  the  acoustic  wave  can  bo  treated  .us  a superimposed  small  signal  current. 

The  per  unit  area  equivalent  circuit  tot  t lit'  space  uniform  plate  circuit  Is  shown  in  Fig. 

9.  Here  C*  Is  the  capacitance  of  the  l.iNhO}  crystal,  Cc  the  capacitance  v't  the  all  gap 

Mfiderrie.it  ft  the  diodes,  and  Is  the  resultant:  capacity  between  the  1 iNbO*  crystal  and 
tlie  silicon  ot  the  areas  in  between  the  diodes.  This  model  assumes  that  t lit'  resistivity 
- * t the  bulk  silicon  Is  negligible  and  that  the  surface  v't  the  LlNbO ) eiystal  l?.  an  equl- 
pv'tential  surface.  The  fiist  assumption  is  good  since  t lit'  donunat  Ing  set  ies  i es  i s t ance 
that  limits  the  rise  time  in  pi  act  ice  will  be  the  internal  resistance  ot  l tie  plate  pulse 
source.  The  la’ ter  assumpt  ion  relies  on  the  high  relative  peimttlivlt^  l ’0)  v't  l.iNtn't* 

The  space  variable  tleld  from  t!\t'  surface  wave  i-  assumed  to  originate  from  a polarization 

charge 

P Pc>  COS(uit  - kz)  (4) 


located  at  the  surface  v't  the  delay  line, 
of  opposite  sign  tv'  t lie  charge  Induced  on  1 
electric.  The  po  l ai  t /at  i n charge  van  be  i 
the  surface  wav  e beam,  s . b\  i l Noi  BK ’ f.tsfn 


!■’ 


This  polar  izat  Ion  is  equal  in 
shot  t ing  plane  at  t ho  suttace 
elated  to  the  sheet  powet  pet 
1969)  . 


magn  i t lule  , 
v't  the  pu 
un it  width 


but 


ot 


(5) 
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where  (Av/v)  is  the  surface  wave  coupling  coefficient  (0.024  for  YZ-LiNb03) , cp  the 
effective  surface  wave  permittivity  (50eo  for  YZ-LiNbC>3)  , and  v the  surface  waVe  velocity 
(1486  m/s  for  YZ-LiNb03> . 

The  fields  originating  from  this  charge  partly  penetrate  into  the  delay  line  and  partly 
bridge  the  air  gap  and  penetrate  into  the  semiconductor.  In  the  analysis  we  shall  neglect 
the  field  in  the  bulk  of  the  semiconductor.  This  is  permitted  provided  the  induced  volt- 
age across  the  air  gap  and  the  diodes  dominate  over  the  induced  voltage  within  the  bulk 
of  the  semiconductor.  Neglecting  the  diodes  the  approximation  holds  when 

ko  >>  uC0  (6) 

where  k is  the  wavenumber,  o the  bulk  conductivity  of  the  semiconductor,  to  the  frequency, 
and  C0  the  air  gap  capacitance  per  unit  area.  With  an  air  gap  of  200  nm  the  approximation 
holds  for  bulk  resistivities  much  less  than  150  llcm.  Neglecting  the  fields  in  the  semi- 
conductor has  as  consequence  that  the  model  does  not  account  for  acoustoelectric  loss. 
However,  when  the  losses  are  small,  it  does  not  affect  the  per  unit  area  equivalent  cir- 
cuit which  aims  at  explaining  local  effects.  The  losses  can  therefore  phenomenologically 
be  included  by  letting  the  polarization  charge  amplitude  Po  be  space  dependent. 

With  these  assumptions  the  equivalent  circuit  for  the  space  variable  terms  are  shown  in 
Fig.  10.  The  only  modification  of  the  equivalent  circuit  for  the  space  uniform  terms  is 
to  add  a shunt  capacitance  Cp  to  account  for  the  fields  from  the  polarization  charge  which 
penetrates  into  the  delay  line.  This  capacitance  is  per  unit  area 

Cp  = k tp  (7) 

where  k is  the  wavenumber  and  ep  (=  50  eQ  for  YZ-LiNbOg)  is  an  effective  permittivity  for 
the  piezoelectric. 

Assuming  that  the  diode  capacitance  is  constant  and  voltage  independent  and  that  the  curr- 
ent voltage  characteristic  of  the  diodes  follows  an  ideal  exponential  law,  i.e. 

6Vd  dVd 

I = I0(e  - 1)  + Cd  -gf  . (8) 


where  IQ  is  the  diode  saturation  current,  6 = e/kT,  Vd  the  diode  voltage,  and  Cd  the  diode 
capacitance,  we  can  find  exact  analytic  solutions  which  cover  the  recording  and  storage 
of  the  space  dependent  diode  charge. 


Assuming  that  the  diode  current  resulting  from  the  surface  wave  polarization  charge  is 
small  compared  to  the  large  signal  current  from  the  plate  pulse  voltage  Vp(t) , the  space 
varying  charge  stored  on  the  diodes  is 


-6Q0(T  )/C2  *P 


Qv(kz,u>) 


(P0Y  (u>)  1 


a6V  (T) 


cos  (oiT-kz)  e 


BQo<C^ 


di 


(9) 


where  Tp  is  the  time  duration  of  the  plate  pulse.  Q0  is  the  magnitude  of  the  space  uni- 
form stored  charge  resulting  from  the  plate  pulse,  defined  through 


6Q0(t) 


1 


a 8Vp ( T ) 


dt  . 


(10) 


For  the  diode  orientation  shown  in  Fig.  9,  this  charge  is  actually  negative.  The  other 
quantities  in  Eqs . (9)  and  (10)  are  defined  by 


co(cL+cs> 

C1  = Cd  + C + C.  + Cs 
O L S 


(ID 


which  is  the  resultant  capacitance  seen  from  the  diode  terminals  in  the  equivalent  circuit 
of  Fig.  9. 


Cd  + C 


Co<CL+Cs+Cp> 


„ + c.  +c  + c 
o L s p 


(12) 


which 

S iS 


is  the  similar  capacitance  for  the  equivalent  circuit  in 
proportional  with  frequency,  C2  is  frequency  dependent. 


Y 


+ CL  + CS 


+ C_ 


Fig  . 


10. 


Note  that  since 


(13) 
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This  means  that  the  t irst  term  in  Kq.  (10)  ( P0> ] is  equal  to  the  charge  density  induced 

on  an  ideal  shorting  plane  located  at  ttie  surface  of  the  semiconductor.  lP_y]  is  there- 
fore t fit'  maximum  charge  that  can  be  stored  on  t ho  diodes. 


CQCL 

'l(co+(Vcd> 


(14) 


Thus  <V,,  is  the  voltage  across  the  diodes,  if  the  conduction  current  through  the  diodes 
is  neglected. 

The  time  constants  t\  and  !>  are  respectively  the  small  signal  time  constants  at  zero 
voltage  seen  across  the  diode  terminals  of  the  equivalent  circuits  of  Figs.  4 and  10. 
They  are  defined  by 

ll  “ Ci/BIo  and  '2  ~ C2/81Q  1151 


Since  U2  is  frequency  dependent,  i , will  also  be. 

A further  simplification  of  Kq.  (10)  is  obtained  when  the  plate  voltage  Vp  is  a pulse  of 
constant  amplitude  and  time  duration  T,,  much  smaller  than  the  rf-period.  Then 


where 


Q,  (kz,ui)  = l P0Y  ) * — 


w0/c2 


- i 


o'  ^ 2 


cos  kz 


(16) 


8Q0/c, 

e ° 1 lit  Tp/(.ve  *■) 


■uBVp  | 1C  j^/^2  > 


(17) 


-aOV 

Since  i je  is  the  differential  time  constant  at  the  initial  diode  bias  aV  , we  con- 

clude from  Eq.  (16)  that  a complete  charging  is  obtained  provided  this  time  constant  is 
much  smaller  than  the  charging  time,  and  that  the  capacitance  ratio  (Ci/C2)  is  not  too 
small.  When  this  is  the  case,  the  frequency  dependence  of  C2  is  insignificant  and  the 
only  frequency  dependence  in  Ox  arises  from  the  frequency  dependence  of  the  factor  > . 

1 is  constant  for  frequencies 


u; 


VlCL  + Cs  + Co> 


(18) 


For  higher  frequencies  it  is  inversely  proportional  with  the  frequency.  Usually  this 
characteristic  frequency  is  oi  the  order  of  50-100  MHz. 

After  the  plate  pulse  is  turned  off,  the  stored  charge  decays  with  time  as 


Qv  1 1) 
O'  to) 


8(VC2 
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- t/t2 
-t/ 

1)  e 
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where  0o  is  the  uniform  charge  on  the  diodes  at  t - 0.  Since  h is  larger  than  ii  there 
is  no  decay  of  this  charge  before  the  uniform  charge  has  decayed  1 exp ( 6Q0/Ci)  . explt/i^)]. 
Thereafter  the  space  dependent  charge  decays  with  the  time  constant  t2.  Since  i2  is  a 
function  of  frequency,  the  decay  will  also  be.  Since  i2  increases  with  the  frequency  this 
model  predicts  a slower  decay  for  higher  f requenctes . However,  this  frequency  dependence 
is  rather  small,  and  i2  will  usually  be  constant  for  frequencies  above  100  MHz. 

Figure  11  shows  calculations  of  the  decay  for  various  values  of  the  parameter  expi 6Q0/C, ) . 
Increasing  values  of  this  parameter  correspond  to  increasing  plate  voltages  Vp.  Thus  we 
observe  that  the  decay  is  depending  on  the  plate  impulse  Vp.  This  is  consistent  with 
observations  of  Defranoult  et  al.  (1876)  and  with  our  observations  (see  Fig.  5).  Also 
shown  in  Fig.  11  is  the  frequency  dependence  of  the  decay  for  the  parametei  value  of  100. 

A very  small  frequency  dependence  is  predicted  for  frequencies  between  50  MHz  and  200  MHz. 
This  is  not  consistent  with  the  experimental  results  shown  in  Fig.  5. 

The  read  out  is  obtained  as  a nonlinear  mixing  of  the  time  constant  space  varying  stored 
diode  charge  anil  the  time  and  space  dependent  displacement  current  through  the  diodes 
resulting  from  the  read  out  signal.  This  provides  an  output  signal  which  is  proportional 
with  the  correlation  integral  over  the  interaction  length  of  the  stored  charge  with  the 
read  out  signal.  Principally  this  mixing  arises  in  the  nonlinear  diode  capaci tances . The 
uniform  space  independent  charge  trapped  on  the  diodes  through  the  charging  is  divided 
between  the  diode  capacitance  (t\i)  and  the  capacitance  of  t ho  air  gap  (C0)  in  series  w 1 1 h 
the  delay  line  plate  capacitance  (C^l  (see  Fig.  9) . This  results  in  a reverse  bias  on  the 
diodes  which  determine:;  the  operating  point  on  the  diode  t’(V)  curve  for  the  nonlineat 
mixing  process. 
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To  analyze  the  read  out  process  it  is  assumed  that  the  voltage  across  the  diodes  is  rela- 
ted to  the  charge  by 

Qt-Qo 

Vd(Qt)  = Vd(0o)  + — + k (Qt-Q0)  2 , (20) 

d 


where  Vd  is  the  diode  voltage,  Qt  the  total  diode  charge,  Q0  the  space  uniform  bias  charge, 
Cd  the  differential  capacitance  at  Vd(Q0) • The  nonlinear  coefficient  < is  then  defined 
by 


1 d2vd 

< = y 

dQ2  Q=Q_ 


'd  j Q=Q_ 


Since  we  can  neglect  the  conduction  current  through  the  reverse  biased  diodes,  the  polari- 
zation charge  from  the  read  out  signal  will  give  rise  to  an  electric  displacement 
through  the  diodes 

cd 

P,Y  cos (wt-kz)  (22) 

i <-2 

Correspondingly  the  stored  space  variable  diode  charge  is  responsible  for  an  electric 
displacement  through  the  diodes  which  is 

C. 

Q cos  kz  (23) 

'Xj 

The  sum  of  these  two  terms  and  the  space  uniform  charge  Q0  constitutes  the  total  diode 
charge  Qt.  The  nonlinear  term  in  Eq.  (20)  gives  rise  to  a space  independent  voltage  at 
the  frequency  u>  across  the  diodes  which  is  proportional  to  the  product  of  the  amplitudes 
of  the  space  varying  terms.  With  the  plate  circuit  externally  shorted  a short  circuit 
current  per  unit  area  results  which  is 


i_  = jcoKray  C 


&)  'A 


To  account  for  acoustoelectric  loss  it  may  be  assumed  that  P^  and  Q decay  exponentially 
with  increasing  z with  the  rate  e_az.  The  total  short  circuit  current  from  an  interaction 
region  of  width  W and  length  L is  then 


I = i A 
s s 


where  the  plate  area  A = WL. 


With  an  external  impedance  Zl  connected  to  the  plate  terminals  a voltage  appears  across 
ZL  which  is 


V = I 
out  s 


1 + jwC.Z. 


C . CT  C 

Ci  = A(1  + a gS)  (27) 

s L s 

is  the  internal  capacitance  of  the  plate  circuit. 

The  plate  circuit  may  be  tuned  in  series  or  in  parallel  with  an  inductive  load.  The 
quality  factor  QL  of  this  load  is  limited  by  the  desired  bandwidth  B to  Q,  < 1/B.  The 
available  output  power  from  the  plate  is  then 

Pout  = I^sl2  ^ ‘28> 

The  results  obtained  above  may  be  applied  to  discuss  the  frequency  dependence  of  the  out- 
put signal. 

Since  Cp(io)  usually  dominates  in  the  denominator  of  y (Eq-  (13))  for  frequencies  above 
50-100  MHz,  y will  be  inversely  proportional  to  the  frequency.  For  the  same  reason  C2 
(Eq.  (12))  will  be  essentially  frequency  independent.  According  to  Eqs . (5)  and  (16) 

P ” and  « Pqy  « the  short  circuit  current  per  unit  area,  is,  is  frequency 

independent. 
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Consistent  with  the  approximations  the  spatially  varying  rf-current  in  the  semiconductor 
is  determined  by  the  capacitance  of  the  air  gap  and  the  diodes  (see  Eq . (6))  . Thus  the 
spatially  varying  current  per  unit  area  i^  = j^fo, 1> (CQ+CS) /CQ.  The  sheet  conductance  of 
the  bulk  semiconductor  is  G = ko  where  o is  the  bulk  conductivity , and  k the  wavenumber. 
With, the  assumed  frequency  dependence  of  P and  r,  it  follows  that  the  loss  per  unit  area 
i^  1 /G  and  hence  the  attenuation  coefficient  a,  is  frequency  independent.  In  conclusion, 
the  external  short  circuit  current  Is  given  by  Eq . (25)  is  frequency  independent. 

Assuming  that  the  same  read  out  process  may  be  applied  to  describe  convolver  operation 
where  two  counter  propagating  waves  are  mixed  to  produce  a convolution  signal  at  the  double 
frequency,  Eq.  (24)  still  applies  with  the  modification  of  a factor  of  2 in  frequency  and 
that  Qv  is  replaced  by  P2I  where  P2  is  the  polarization  charge  corresponding  to  the 
counter-propagating  wave.  This,  however,  leads  to  the  same  conclusion  as  above,  namely 
that  the  short  circuit  convolution  current  is  frequency  independent. 

To  summarize  we  conclude  that  although  this  simple  model  describes  the  essential  principles 
of  operation  of  the  diode  memory  correlator  it  is  inadequate  to  describe  the  frequency 
dependence  of  the  correlation  efficiency  that  we  have  observed  experimentally.  Since  the 
observations  give  a frequency  dependence  in  convolver  operation  in  agreement  with  the 
theory,  the  model  for  the  read  out  process  is  believed  to  be  correct.  One  should  therefore 
look  for  explanations  in  the  recording  or  in  the  storage  process. 

5.  CONCLUSION 

With  the  fabrication  technique  described  one  can  fabricate  diode  memory  correlators  with 
a dynamic  range  limited  by  spurious  signals  to  30  dB.  Improvements  require  that  acoustic 
plate  resonances  can  be  further  suppressed.  The  intrinsic  conversion  loss  is  of  the  order 
of  -70  to  -80  dBm  depending  on  the  silicon  resistivity  and  the  coupling  strength  in  the 
interaction  region.  Consistent  with  earlier  observations  devices  using  Schottky  diodes 
can  be  charqed  with  nanosecond  pulses,  thus  accommodating  signals  with  bandwidths  in  excess 
of  100  MHz.  The  observed  storage  times  are  of  the  order  of  10  milliseconds.  Devices  using 
pn-diodes  are  slower  and  require  integrated  charging  over  several  hundred  nanosecond. 

These  devices  can  on  the  other  hand  store  signals  for  as  ng  as  100  seconds.  Even 
permanent  storage  (for  several  hours)  has  occasionally  beta  observed  at  room  temperature 
in  devices  which  have  been  carefully  protected  from  external  illumination. 


The  simple  model  presented 
as  plate  pulse  requirements 
read  out  process.  Experime 
devices  a strong  reduction 
the  design  pass  bands.  Sim 
operated  as  convolvers.  Si 
probably  are  the  same,  it  i 
tion  must  be  related  to  the 
problem  since  it  may  ultima 
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Schematic  of  the  experimental  configuration. 
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Frequency  response  of  a 12  usee  surface  wave  delay  line 
on  a 150  um  thick  LiNbC>3  crystal.  The  ripple  is  caused 
by  reflections  off  an  auxiliary  transducer. 
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Fig.  5. 
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Correlation  loss  vs.  storage  time  for  a 100  MHz  pn-diode 
memory  correlator  with  various  plate  burst  amplitudes. 

A constant  illumination  was  applied  to  reduce  storage 
times  from  'v  10  sec  to  the  millisecond  range. 
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Relative  correlation  loss  vs.  storage  time  in  a pn-diode 
memory  correlator  for  various  frequencies  with  constant 
illumination  to  the  diodes. 


Transmission  loss,  convolution  loss,  and  correlation  loss 
vs.  frequency  for  a pn-diode  device.  The  high  transmission 
loss  and  convolution  loss  and  the  dip  in  the  frequency 
response  at  121  MHz  is  caused  by  a default  in  one  of  the 
transducers.  The  good  transducer  was  used  for  the  correla- 
tion measurement. 
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Fig.  8.  Schematic  of  the  configuration  used  for  modelling. 


Bulk  of  semiconductor 


Vp(t) 


Fig.  9.  Equivalent  circuit  applied  to  analyze  the  space  uniform 
fields . 
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Fig.  10.  Equivalent  circuit  applied  to  analyze  the  wave  generated 
space  varying  fields. 
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Dans  U*  tne  me  but  il  est  interessant  d'utiliser  la  plus  forte  non  linearite  de  1 ' interact  ion 
des  champs  electriques  associes  aux  ondes  acoustiques  dans  des  milieux  pi^xof  left  riques  aver  les  portents 
de  charge  d'un  milieu  semi  conduc  teur . IMusieurs  structures  out  cte  etudie.es  ; files  sont  represent  ees  sur 
la  Fig.  ) aver  references  aux  principaux  travaux  effectues. 

l.a  structure  type_  la  est  composee  d ' une  plaquette  de  semi  conduc  teur  maintenue  A une  faible 
distance  du  p i ezoy lec t r ique  — 8j . he  film  d'air  present  est  necessaire  pour  evitet  toute  charge  mecanique 

de  la  surface  du  piezoelectrique.  Kile  offre  l'avantage  de  pouvoir  optimiser  separement  les  deux  milieux 
et  d'obtenir  ainsi  les  plus  forts  rendements  enregistres  a ce  jour.  Kile  pr^sente  neanmoins  1 ' inconvenient 
de  ne  pas  etre  monol i thiquc  et  de  necessiter  en  particulier  la  presence  d’un  film  d'air  de  I'ordre  d'une 
fraction  de  micron.  I.e  couplage  avec  le  semiconducteur  n'est  stable  et  peu  sensible  a la  temperature  qu'au 
prix  d'une  assez  grande  complexity  mecanique  Ql]  . Hour  s'affranchir  du  film  d'air.  des  structures  monolithi- 
ques  out  etc  exper  imentees  qui  utilisent  soit  un  semiconducteur  piezoelcct  rique  commc  le  CdS  ou  le  GaAs  (_9j 
(voir  Fig.  lb),  soit  une  couche  mince  piezoelectrique  deposee  sur  un  substrat  semiconducteur  par  exemple 
le  couple  ZnO/Si  Qo]  (voir  Fig.  3c).  Knfin,  il  faut  citer  une  derniere  geometric  qui  est  celle  d'un  convo- 
luteur  hvbride  compose  d'une  ligne  acoustique  il  prises  multiples  ou  le  melange  non  lineaire  a lieu  dans  un 
reseau  exterieur,  general  »-raent  integrC.de  diodes  semi conduc tr ices Q Q (voir  Fig.  Id). 

Hour  tout  convoluteur,  la  puissance  du  pic  de  convolution  I’^oNV  var*‘*  propot t ionne 1 lement  an 
produit  des  puissances  des  signaux  electriques  d'entrCe  HjH,,  tant  que  le  systCme  fonct ionne  dans  son  regime 
hi  lineaire.  On  definit  ali>rs  le  facteur  de  raetite  F suivant4-: 

F (dBm)  - 20  logjPCQNV  (raW)  / H ( (mW)  x P,,  (mW)j 

Pour  comparer  utilement  les  diffCrents  dispositifs  presentcs  precedemment , il  convient  de  precise!  les 
niveaux  de  puissances  maximum  admissibles  soit  pour  ne  pas  deteriorer  les  t ransducteurs , soit  pour  conser- 
ver  au  systeroe  sa  bi linearite.  Oeci  revient  il  preciser  le  niveau  maximum  du  signal  de  convolution  disponi- 
ble.  Knfin,  les  rendements  obtenus  dependent  aussi  du  nornbre  de  points  (produit  largeur  de  bande  par  duree 
des  signaux)  qu'il  est  possible  de  traiter. 

I.e  tableau  I compare  les  differents  dispositifs  precites  sur  la  base  de  leur  renderaent  F,  du 
niveau  maximum  de  puissance  admissible  ou  disponible  et  du  nornbre  de  points  actuellement  domontre  ou 
que  l 'on  peut  envisager  de  fa<;on  rCaliste. 

Il  ressort  de  cette  comparaison  que  les  systemes  aux  rendements  les  plus  clove*’  nresentent 
des  niveaux  de  saturation  faibles  et  qu'A  capacity  de  traitoment  identique,  leur  dvnamique  n'est  pas 
supCrieure  .1  celle  des  dispositifs  moints  efficaces.  Les  dispositifs  mono l i thiques  (ZnO,  GaAs)  ont  actuelle- 
ment une  bande  passante  limitee  A 10  k 20  MHz.  Aussi  deux  systemes  seulement  permettent  reel lement  de 
traiter  des  signaux  de  produit  bande-temps  superieur  il  100  ou  200  : ce  sont  les  convoluteurs  1 milieu 
semiconducteur  rapporte  et  les  convoluteurs  piezoelec t riques  1 compresseur  de  faisceau.  Nous  allons  mainte- 
nant  detail ler  une  realisation  particuliere  de  ce  dernier  type  de  convoluteur. 

- TABLE  I - 


Comparaison  de  divers  types  de  convoluteurs  acoustiques 


Facteur  de 

Nornbre  de 

Pui ssance 

max i mum 

Referen- 

ce 

Type  de  convoluteur 

b i l i near i ty 

points 

des  signaux  (dBm) 

F (dBm) 

- B.T 

d' ent ree 

de  sortie 

Pi ezoy lec t rique  simple 

-85 

- 100 

30 

-25 

a 

Piezoelectrique  il  compres- 
seur de  faisceau 

-70 

> 100 

30 

-10 

0 

A semiconducteur  et 
film  d'air 

-45 

‘ 30 

- 100 

27 

30 

0 

-5 

[7  - 8] 

ZnO  sur  Si 

-58 

4 1(H) 

25 

-8 

Qo] 

A GaAs 

-50 

30 

25 

0 

DO 

-60 

i 100 

25 

-10 

A reseau  de  diodes 

-50 

30 

30 

30 

00 

extyrieur 

-66 

4 150 

30 

-6 

1.2.  Convoluteur  piezoelectrique  .1  compresseur  de  faisceau . 

1.2.1.  Geometer i^e . 

La  geometric  du  dispositif  est  plane  et  elle  est  schema t iquement  representee  sur  la  Fig.  * . 

Sur  un  substrat  piezoelectrique  poli  en  l.iNbO^  sont  deposes  deux  transducteurs  identiques  qui  per met  tent 
la  generation  des  ondes  acoustiques  contradi red i ves  il  la  pulsation  u>.  Des  coupleurs  il  bamles  metal liques 
multiples  permettent  un  transfert  quasi  total  de  l'energie  incidente  et  une  compression  de  la  largeur  de 
faisceau  acoustique  dans  un  rapport  10  il  20.  Cec i entraine  done  une  augmentation  dans  le  memo  rapport  de 
la  density  de  puissance  acoustique  et  done  du  rendement  non  lineaire  du  systyme.  La  largeur  des  faisceaux 
comprimes  etant  de  I'ordre  de  quelques  longueurs  d'onde  acoustique,  il  est  necessaire  de  guider  l'energie 
pour  eviter  tout  phenomene  de  diffraction  excessive.  Ce  guidage  est  simplement  obtenu  grace  il  la  presence 
de  l 'electrode  metal l ique  de  sortie  qui  permet  de  recueillir  le  signal  de  convolution.  Hour  conserve*  la 
nature  planar  de  la  structure  et  la  simplicity  de  realisation  qui  en  dycoule,  une  double  electrode  de  masse 
est  deposye  sur  la  surface  du  substrat. 
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Le  system**  comp  let  comport**  en  outre  des  circuits  yiectriques  d'accord  des  transducteurs 
d'entree  et  en  general  un  trans forma teur  udaptateur  d' impedance  en  sortie.  Un  exemple  de  realisation  d'un 
tel  dispositif  est  donne  sur  la  Fig.  5. 

1.2.2.  Ca rac ter ist iques  techniques  du  convoluteur. 

l.e  tableau  II  rassemble  les  principales  caracterist iques  electriques  des  dispositifs  realises 
i ce  jour  coimne  celui  de  la  Fig.  5,  ainsi  que  les  limites  que  l'on  doit  pouvoir  atfeindre  avec  ce  type  de 
technologic . 

La  vitesse  de  propagation  des  ondes  de  surface  est  de  I'ordre  de  3500  m/s  sur  LiNb0„.  Aussi 
avec  des  cristaux  piezoelectr iques  de  longueur  hors  tout  d'environ  50  mm,  la  dur£e  maximum  des  signaux  que 
l'on  peut  traiter  de  maniere  synchrone  est  de  12  ps.  Des  substrats  de  100  mm  sont  disponibles  et  on  peut 
done  envi sager  atteindre  des  temps  de  traitement  de  20  ps.  La  frequence  d'entree  pourra  passer  de  156  MHz 
a 300  MHz.  Ceci  necessitera  une  precision  sur  les  photogravures  d'environ  I pm. 

Le  facteur  de  bilinearite  F defini  au  paragraphe  precedent,  est  de  -72  dBm,  et  aucun  phenomene 
de  saturation  n'apparait  jusqu'a  des  puissances  crete  d'entree  de  I W.  Au-deld  les  transducteurs  risquent 
d'etre  endonsnages .( I Is  ne  supportent  en  general  pas  plus  de  100  mW  de  puissance  moyenne .)  Pour  un  dispositif 
de  50  MHz  de  band**,  la  dvnamique  de  sortie  du  systeme  atteint  done  plus  de  80  dB. 

Un  autre  parametre  important  est  la  precision  avec  laquelle  s'effectue  1' integrate  de  convolu- 
tion, e'est-a-dire  1' uniformity  du  traitement  sur  la  duree  de  celui-ci.  On  me sure  ce  parametre  en  relevant 
le  signal  de  convolution  d'une  impulsion  breve  avec  une  impulsion  longue.  On  obtient  une  representation 
directe  de  1 ' uni formi te.  Le  resultat  est  environ  K),2  dB  (voir  Fig.  6). 

La  figure  de  convolution  est  en  principe  independante  de  la  temperature  car  les  signaux  d'entree 
subissent  les  memes  variations.  Les  essais  faits  entre  -20°C  et  ♦ 50°C  ont  montre  qu'aucune  deformation  du 
signal  de  convolution  ne  se  produit.  On  constate  seuleraent  une  variation  du  temps  d'arrivee  due  5 la  varia- 
tion du  temps  de  retard  moyen  du  dispositif  (de  I'ordre  de  50  ppm  par  °C) . 


- TABLE  II  - 

Caracterist iques  techniques  du  convoluteur  piezoelec trique 


Demontre 

Limi te 

Temps  de  traitement  (ps) 

12 

20 

Bande  a 3 dB  a 1 'entree  (MHz) 

50 

100 

Frequence  des  signaux  d'entree 
(MHz) 

156 

300 

Facteur  de  bilinearite  F (dBm) 

-72 

-72 

Puissance  maximum  d'entree  (W) 

1 

1 

Suppression  convolution  trajet 
double  (-  2R  ♦ A,  dB) 

40 

60 

Uniformite  de  traitement  (dB) 

+0,2 

+0,2 

T.O.S. 

4 

2 

1.2.3.  §i gnauxgarasi tes. 

Pour  terminer  la  presentation  des  caracteri st iques  du  systeme,  il  est  important  de  decrire  les 
differents  signaux  parasites.  Selon  1 'uti 1 isation  particuliere  du  convoluteur,  il  sera  alors  possible 
d'evaluer  la  dynamique  utile  des  signaux  que  l’on  peut  traiter. 

Conme  dans  tout  composant  a onde  acoustique  de  surface,  les  principaux  parasites  sont  dus  aux 
reflexions  sur  les  transducteurs.  Chaque  onde  incidente  peut,  apres  reflexion,  se  combiner  avec  elle-meme 
ou  avec  l 'autre  signal  reflechi  donnant  ainsi  naissance  aux  signaux  parasites  dits  "d ' auto-convolut ion"  et 
de  "convolution  par  double  trajet"  respecti vement. 

Le  parasite  de  "convolution  double  trajet"  est  une  replique  exacte  du  signal  principal  de 
convolution  retardee  par  rapport  a celui  du  temps  de  propagation  entre  transducteurs.  Dans  un  mode  de 
fonctionnement  synchrone,  ce  parasite  peut  done  etre  entierement  discrimine  par  une  fenetre  temporelle. 

Un  tel  filtrage  ne  peut  pas  etre  opere  sur  le  signal  parasite  d'autoconvolution.  Neanmoins 
il  convient  de  noter  qu'un  signal  ne  pourra  se  convoler  avec  lui-meme  que  si  sa  duree  est  au  moins  egale 
au  double  du  retard  existant  entre  transduct* ur  et  guide  (environ  2 p s).  En  outre,  les  signaux  utilises 
sont  generalement  codes  et  dans  le  cas  de  codes  non  symetriques  ou  aleatoires,  de  duree  0 et  de  largeur 
de  bande  B,  le  niveau  de  ce  parasite  est  reduit  d'environ  10  log(00)dB. 

\ 

Dans  le  tableau  III,  nous  avons  resume  les  expressions  pour  les  niveaux  des  difftfrents  signaux 
presents  3 la  sortie  d'un  convoluteur.  Le  coefficient  de  reflexion  acoustique  sur  les  transducteurs  est 
denote  par  R,  il  varie  entre  10  et  20  dB  pour  un  transducteur  simple  selon  sa  desadaptat ion.  Pour  diminuer 
I'effet  des  reflexions  on  aura  interet  d utiliser  par  exemple  des  transducteurs  unidirectionnels  pour 
lesquels  R peut  depasser  30  dB. 
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l.  evaluation  de  1a  dvnamique  do  svsteine  depend  done  do  lot  i l i a a t ion.  On  pent  neanm.ms 
con«nl#r«r  qu'elle  rit  au  moms  de  I'ordre  de  40  dH  .1  SO  dB  avec  lea  compoxantx  actuels,  ce  qui  est 
• utfiAAnt  dan*  on  cert  Ain  nombre  d' applicat ions . 


1 A HI  K 1U  - 

Different  a signaox  Iron  convoluteur  pi  er  o*  lec- 
triqoe  de  capacite  maximum  H \ T 


- 

Signaux  d' entree  do tee  0,  bande  B,  puissance  P^  (raW)  et  P,  (mW) 

- 

Convolution  principale  : 10  logd’^P,)  - F - 20  log  0/T  (dBm) 

- 

Signaox  parasites  : 

. Autoconvolut ion  do  signal  "i"  : 20  log  P - F - 20  log  8/T  - (K  ♦ A/2 

« 10  li»#  Htf)  (dBm) 

. Convolution  double  trajet  10  log(P  P,)  - F - 20  log  0/T  - (2K  ♦ A) 

. Bruit  thermique  : -114  ♦ 10  log  B (Mflr)  (dBm' 

(dBm) 

F 

: tact eor  de  bilinear  it*  (-72  dBm  tvp.) 

R 

: coefficient  de  reflexion  (10-20  dB  si  ttansducteor  dassique) 

' 10  dB  si  1 1 anfduc  t eot  unidi  red  ionnel  ) 

A 

: perte  de  propagation  acoostique  (1-S  dB) 

1 . 2 . •« . F.xem^  les_d  * app  l icat  ion  a. 

Pour  demontrer  les  qualities  du  dispositif  nous  avons  f a i t de  a experiences  de  compression 
d'impolsion  c'est-A-dire  qoe  no os  avoiis  tAit  le  prodoit  de  convolution  de  s l gnuox  1 ineai rement  modules  en 
frequence  Avec  lour  rAplique  invers*e  dsns  le  temps.  La  Fiji.  7 a correspond  so  css  de  1 * autocorrel At  ion 
d'une  rampe  d'excursion  de  frequence  24  MH*  et  de  dur*e  12  ns  (Prodoit  BT  - 288).  La  largeur  A * dB  est 
de  I'ordre  de  21  ns  ce  qoi  est  voisin  de  Ia  vsleur  theotique  20,8  ns.  On  note  Aossi  1 'Absence  d'echos 
pArssites  lomtains. 

Ao  tm*ven  d'on  doobleor  de  frequence  on  Atteint  on  BT  th*oriqoe  de  S7b.  l.es  resoltats  sont 
nxMittes  sor  la  Fig.  7b.  La  largeur  A 4 dB  est  ici  d'environ  II  ns  en  Accord  avec  1a  valeor  thCorique 
10, S ns.  Nona  voyons  quo  l* impulsion  s'est  l*g*r«ment  d*grad*e  par  rapport  A la  ptec*dente  ce  qoi  est 
do  A des  defauts  de  phase  sor  les  hords  de  la  bande  passante  et  aossi  A certains  distant  s des  signaox  KM 
d'entrte  aossi  represent**  sor  la  Fig.  7b.  Mais  la  qoalite  do  signal  est  trAs  bonne. 

le  con  vo  l ot  eor  piAsoAlectrique  permet  done  d'effectuer  la  convolution  oo  la  correlation  de 
signaox  A trAs  grande  vitease  et  sous  on  oncombrement  redoit.  Lea  principales  applications  sont  la  detec- 
tion, l ' ident i f icat ion  de  signaox  et  la  rtiesuto  de  temps  d'arrivee.  Nous  ne  les  d*t  ai  l lerons  pas  ici  car 
el  les  font  1 'objet  d'une  autre  presentation  (j  2}  • 

Le  t one t ionnement  en  correlateor  necessite  1' inversion  dans  le  temps  d'on  des  signaox,  opera- 
tion qoi  peot  etre  ettectoee  ao  ttx'ven  de  memo  ires  analogiqoes  oo  nomeriqoes  [ I 2j  . F.n  outre,  ce  composant 
peot  etre  utilise  de  tason  asvnchrone  ao  prix  d'une  perte  de  capacity  de  traitement  dans  on  rapport  2 ; 
nuns  il  restenneox  adapte  A one  operation  sychrone. 

Poor  s'attranchir  de  ces  contraintes,  un  nouveau  composant,  le  correlateor  A memo  ire,  est  A 

1 ' et ode . 


2.  - I K CORKFl-ATKltK  A MFMOIRF. 

2.1.  Principe . 

La  geometric  de  ce  composant  est  semblable  A cel  It*  des  convoluteurs  A semi  conduct  eor . Le 
dispositif  se  compose  d'on  milieu  pier.oelect  r ique  couple  A on  milieu  semiconducteur  qui  est  form*  d'on 
rlscau  de  diodes  integrees.  Celles-ci  sont  du  type  Schottkv  oo  pn  et  lent  pAriodicit*  doit  etre  interieore 
A one  demi  longueur  acoostiqoe  pout  assurer  un  bon  couplage.  Le  schema  d'un  dispositif  A diodes  pn  est 
represent*  sor  la  Fig.  8.  Le  rAseau  de  diodes  sert  d'une  part  d'element  non  linAaire  come  dans  le  cas  du 
convoloteor  simple,  ef  d'..otre  part  d'Alcment  de  memo  ire  oil  1 ' inf  ormat  ion  est  stockee  sous  forme  de  la 
charge  de  la  capacit*  des  diodes. 

Pour  dtcrire  le  mode  de  f one t ionnement  du  dispositif,  nous  faisons  reference  A la  Fig.  d,  Soit 
C(t)  cos  u»t  le  signal  de  pulsation  u>  que  I'on  veut  inscrire  dans  le  dispositif,  nous  supposons  sa  dur£e  ao 
plus  egale  ao  retard  .icoostiqoe  sous  le  reseau  de  diodes.  Ce  signal  est  applique  sor  le  transducteur  T.  de 
maniAre  A gAnerer  one  onde  acoostiqoe.  Lorsqoe  cette  onde  est  toote  entiAre  en  regard  do  semiconduct  eor  on 
applique  on  impulsion  W'(t)  trAs  brAve  et  de  grande  amp l i tude  sor  l 'electrode  de  plaque  K de  maniAre  A 
polariser  fortement  en  direct  les  diodes.  Celles-ci  se  chargent  alors  quasi- instant  augment  et  la  distribu- 
tion de  charges  ainsi  stockee  q(r)  contient  one  composante  spat i a 1 1 ement  uni  forme  et  one  composante  de 
periodic i t e egale  A celle  de  l 'onde  acoustiqoe  et  d'amplitude  proport  tonne l le  ao  signal  acoostiqoe.  A condi- 
tion qoe  la  dureo  t j*  de  l' impulsion  dite  d'Acriture  soit  infArieure  A une  demi-periode  de  KF  (ip  *•  x/uO, 
on  peot  Acrire  : 

q (r)  - q^  ♦ a (5(-l/v)  cos  u»*/v 

I’ne  methode  similaire  d'ecritore  consiste  A appliquer  sor  l'Alectrodo  de  plaque  F on  signal  A la  pulsation 
W( t ) cos  a»t  qoi  crAera  done  on  battement  stationnaire  avec  le  signal  acoostiqoe  qui  sera  inscrit  A son  tour 
dans  le  reseau  de  diodes.  Le  phAnomAne  mis  en  jeo  est  maintenant  one  interaction  coherente  aossi  l 'informa- 
tion sera  correctement  stockee  A condition  qoe  la  duree  ip  do  signal  W soit  interieore  A l 'inverse  de  la 
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largeur  de  hand*  do  C(t).  l.*»  signaux  util  infs  dans  Ion  dispositits  acoust iques  avant  uno  largeut  do  bande 
rolativo  au  plus  cgule  A 40  T,  la  duree  do  l * itnpuls  ion  d'ecriture  ost  done  uumoius  *»  toia  plus  gi ande  quo 
si  I'on  emploie  la  technique  pr£cedente. 

l.'ecriture  une  tois  terminoe,  les  diodes  so  tetrouvont  polaiisees  en  inverse  sous  I'ettet  do  la 
charge  stockee  ; olios  lie  se  dCchargent  dime  quo  tr^s  lontement  au  rythme  do  lour  couraut  inverse  et  I'intoi 
nuition  est  conservCe  en  memoire  pendant  un  temps  qui  pent  atteindte,  A temperature  uuitwauto,  quelques  dicatne* 
do  mi  1 1 i soeondes  ou  quelques  secondes  s'il  s'agit  do  diodes  Sehottkv  ou  do  diodes  pn  respect  i vcment  . Ketnar- 
quons  quo  dans  cot  to  operation  l 'amplitude  et  la  phase  du  signal  acoustiquo  out  ete  stockCos. 

Si  I'on  applique  un  signal  do  memo  frequence  F ( t > cos  ut.sur  le  transducteur  T|,  on  pent  relire 
1 ' l nf  ormat  ion  stockdv  par  melange  non  Imeairo  dans  le  semiconductor!!',  le  signal  resultant  est  detcctc  sui 
la  plaque  A la  pulsation  u».  11  est  do  la  forme  H(t)co*..t  avec  : 

HU)  *»  J F(t  - x/v)  C(-x/v)  dz 
ou  encore  apr£s  le  chatigemont  do  variable  i - t - z/v 

Hu)  K ( l ) C ( x - t ) d i 

c'est-A-dire  le  produit  do  correlation  do  K et  G. 

l.e  svsteme  est  ainsi  un  correiateur  A memoire  ou  encore  un  fill  re  linfaire  dont  la  reponse 
impuls  lonne  l le  est  progr anmuib  l o . 

2.2.  Flat  act uo l des  techerches . 

Du  fait  du  grand  interet  quo  suscite  ce  tvpe  do  corapoaant , les  etudes  se  poursuivent  dans 
plusieurs  laboratoires  en  Franco,  aux  Ktats-l'nis  et  on  Norvege  J3~l^.  les  travaux  portent  principalement 
sur  l 'etude  du  detail  du  f one t ionnement  et  sur  1 'etude  des  divers  types  et  geometries  do  diodes. 

l.es  trois  paramo t res  A examiner  en  priority  sont  le  temps  d'eciiture,  le  temps  do  memoire  et  le 
rendement  onergetique. 

Pour  quo  le  svsteme  soit  utilise  ef f icacement , il  faut  qu'au  bout  do  la  duree  d' inscript  ion, 
les  diodes  soient  presque  totaleraent  chargees,  la  duree  du  signal  d'eciiture  detinit  aussi,  corank*  nous 
I’avons  vu,  la  valour  maximum  soit  do  la  largeur  de  bande  du  signal  A inscrire  At  * l/tp,  soit  celle  de 
la  frequence  de  ce  signal,  f * l/tp,  et  done  indi  rectemont  sa  largeur  do  bande  At  - 0,4/tp,  selon  la 
methode  d'ecriture  employee.  On  montre  quo  la  ramdite  d'eciiture  est  d'autant  plus  grande  quo  l'amplitude 
du  signal  d'ecriture  est  forte.  Par  exomplo,  si  I'on  utilise  la  methode  d'ecriture  pai  impulsion  breve, 
celle-ci  doit  avoir  ime  centaine  de  volts  pour  quo  l ' inscr int ion  soit  efficace  et  pour  quo  le  temps  d'ecri- 
ture atteigne  I ns  It,  IfiJ  . Si  la  methode  d ' i user ipt ion  param^trique  est  utilisee  et  si  la  puissance  de 
l 'impulsion  t'.U'.  est  de  l'ordre  do  I W,  le  temps  d ' i user  i Pt  ion  est  de  I'ordre  de  0,S  ps  avec  des  diodes  pn, 
mais  il  est  de  l'ordre  de  10  ns  avec  des  diodes  Sehottkv.  Cette  methode  autorise  done  1 ' ut i l i sat  ion 
d' impulsions c.W.d' amp l i tude  moderee  tout  en  pormettant  de  traitor  des  signaux  de  largeur  de  bande  d'au 
mo  ins  100  MHz. 

Si  I'on  raesure  la  variation  de  l'amplitude  du  signal  de  correlation  H avec  le  temps  qui  separe 
l instant  d inscription  de  celui  de  la  lecture,  on  peut  definir  un  temps  de  memoire  ist  au  bout  duquel  H a 
diminue  de  I dB.  Pour  les  disposijtifs  a diodes  pn,  ist  est  de  l'ordre  de  I s avec  une  valeur  extreme  de  10  s 
avec  »les  diodes  de  type  vidicon  Jj 4j  . Font  les  dispositits  a diodes  Sehottkv  de  periodicity  12, S pm,  nous 
avons  obtenu  lies  valours  de  d' environ  80  ms ' J sL (Gee  i correspond  aux  meilleurs  resultats  publics  A ce 
jour).Tous  ces  resultats  out  etc  mesures  A temporal ure  amhianto. 

(’omroo  iour  les  convol uteurs , on  pent  definir  un  facteur  de  bilineante  l 

M 

K (dBm)  - 10  logit'  . (mW)  / P (mW)  P,  lmW)i 
M cor re  la t.  v O f 

q»i  depend  cependant  du  signal  d'ecriture  W.  I l existe  ncanmoins  en  general  un  optimum  et  F^  varie  entre 
-70  et  -80  dBm  selon  les  dispositits.  On  peut  aussi  definir  la  porto  d' insertion  du  svsteme  utilise  en 
ft  lire  A correlation,  c'est-A-dire  le  rapport  Fcorr/Fp  P°ur  F^  I W.  l.a  perte  est  alors  d' environ  SO  dB. 

loci  signitie  quo  le  signal  maximum  de  sortie  est  de  I'ordre  de  -30  dBm  si  I'on  suppose  des 
puissances  clectriques  d'entree  de  I W.  l.e  rapport  signal  A bruit  thermique  de  sortie  avoisine  done  les 
bO  dB.  I l faut  aussi  compter  sur  la  presence  de  signaux  parasites  dus  au  signal  de  lecture  F et  qut  sont 
A l'heure  actuelle  seulement  2 S dB  au-dessous  du  pic  de  correlation. 

l.i*s  principales  caract  er  i st  iques  des  dispositits  existants  sont  rassemhlees  dans  le  Tableau  IV 
ainsi  que  les  limitations  envisagees.  Ranpelons  que  tous  ces  dispositits  emplovent  la  technologic  dite 
"•*  lil"'  d'air"  (voir  Fig.  la).  Une  version  monolithique  du  tvpe  de  celle  represent  ee  sui  la  Fig.  3c  est 
egalement  A l 'etude  et  les  premiers  result. its  somblcnt  ties  enoourageant  s |_|  . 

2.1.  Applications  an  trait  emeu  t par  eprrel.it  ion. 

I ' appl ieat ion  premiere  de  ce  genre  do  dispositit  est  la  possibilite  de  eorrelei  deux  signaux 
F et  0 de  duree  limitee  mais  asynehrones.  Four  demontrer  ce  point  nous  avons  utilise  le  eorrelatem  A 
diodes  pn  dont  les  earae ter i st iques  out  etc  rassemhlees  dans  la  premieie  co lonne  du  Tableau  IV.  Nous  eonsi- 
derons  deux  signaux  ident iques  de  duree  b is,  mais  deeales  dans  le  temps  1'un  par  rapport  A l 'autre  do 
T ■ 10  ms.  I.e  signal  0 est  tout  d'abord  insert  t el  stocke  dans  le  dispositit.  l.e  svsteme  est  alots  un 
filtre  adapt  e au  signal  (*.  on  F ; il  peut  done  tilt  ro  r le  signal  F quaint  il  se  present  e • le  resultat  est 
le  produit  d '.iiitoeorre laf  ion  de  F. 
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TRW  DEFENSE  AND  SPACE  SYSTEMS  GROUP 
REDONDO  BEACH,  CALIFORNIA 

SUMMARY 

During  the  last  two  years,  a family  of  digital  devices  have  Been  developed  that  utilize  the  CCP 
technology.  The  logic  family  consists  of  AND,  OR,  and  exclusive-OR  gates,  INVERT,  HAL  r and  FULL- 
ADDERS,  shl ft- registers  and  interface  circuits.  The  technlgues  used  In  the  design  of  LSI  arithmetic 
arrays  are  described  In  this  paper  and  is  referred  to  as  Digital  Charge  Coupled  logic  (DCCL).  The 
DCCL  technique  maintains  the  high  density  implementations  and  low  speed-power  product  of  CCD's  and 
adds  the  advantages  of  high  noise  inmunity,  freedom  from  device  variation  and  absolute  calculation 
accuracy  inherent  with  digital  operation. 

This  paper  describes  an  LSI  Video  Compression  Module  concept  utilizing  the  DCCL  technology, 
that  compresses  video  data  by  intraframe  transform  coding.  The  algorithm  chosen  for  primary  imple- 
mentation is  the  two-dimensional  Hadamard  transform  wi th  block  quantization. 

This  paper  also  describes  the  design  of  the  DCCL  arithmetic  and  control  chips.  Several  appli- 
cations are  discussed.  In  particular  is  the  use  of  these  two  types  of  DCCL  LSI  chips  in  the  realiza- 
tion of  the  Itakura  analysis  - synthesis  algorithm  for  a linear  predictive  coding  (LPC)  using  partial 
correlation  (PARCOR)  techniques. 

This  work  has  been  supported  in  large  part  by  the  United  States  Naval  Research  Laboratory,  under 
contract  number  N0001 4- 74-C-0068. 

INTRODUCTION 

With  the  exception  of  shift-register  memories,  almost  all  CCD's  applications  have  been  in  analog 
implementation  of  signal  processing  systems.  However,  during  the  last  three  years  a few  papers 
(MILLER,  C.  S.,  1975;  ZIMMIRMAN,  T.  A.  et  al , 1977)  have  described  the  use  of  CCD's  to  perform  pipe- 
lined arithmetic.  The  details  of  the  basic  CCD  technology,  high  gate  density,  simple  processing  steps, 
and  very  low  power  dissipations  are  well  known  to  the  participants  at  this  symposium.  However,  a com- 
parison between  the  difference  in  the  way  in  which  an  analog  approach  represents  a signal,  and  the  wav 
in  which  a digital  approach  represents  a signal,  has  some  merit. 

In  the  analog  approach,  one  signal  processing  sample  is  used  for  each  signal  sample  and  a signifi- 
cance is  attached  to  the  signal  amplitude,  but  In  the  digital  approach  a n-blt  word  Is  used  to  repre- 
sent each  signal  sample  and  the  amplitude  significance  Is  contained  within  the  n-blt  word.  Any  loss  of 
carriers  from  the  charge  packet  due  to  transfer  inefficiency  or  accumulation  of  thermal  carriers  by  the 
charge  packet  has  a significantly  different  effect  In  the  analog  and  digital  domain.  In  the  analog 
approach,  changes  to  the  size  of  the  charge  packet  representation  changes  the  modulation  transfer  func- 
tion which  results  In  a degradation  of  both  the  amplitude  accuracy  and  the  phase  relationship  as  des- 
cribed( JOYCE , W.  R.  et  al , 1971).  In  the  digital  approach  we  assign  two  threshold  levels  to  the  charge 
packet  (binary  one  and  binary  zero).  Providing  the  loss  of  carriers  does  not  cause  the  binary  "1" 
packet  of  charges  to  fall  below  the  high  threshold,  or  the  increase  in  the  binary  "0"  does  not  exceed 
the  low  threshold  then  there  will  be  no  degradation  of  the  processed  data. 

DIGITAL  CHARGE  COUPLED  LOGIC  (DCCL) 

The  Digital  Charge  Coupled  Logic  (DCCL)  implementation  of  the  OR,  AND,  ADD  functions  have  been 
reported  earlier  (ALLEN,  R.  A.  et  al , 1976;  ZIMMERMAN,  T.  A.  et  al,  1977),  However,  since  these  basic 
logic  gates  are  an  integral  part  of  any  higher  level  function, we  will  describe  them  briefly  again  In 
this  paper.  We  shall  consider  that  a binary  "1"  consists  of  a charge  packet  that  contains  a predeter- 
mined number  of  carriers  and  a binary  "0"  consists  of  an  empty  packet  (no  carriers). 

In  the  overlapping  gate  DCCL  structure  shown  in  Figure  1,  three  separate  Input  CCD  channels  A,  B, 
G,  converge  under  one  conmon  storage  area  D.  The  size  of  the  D charge  bucket  Is  designed  so  that  it 
will  be  completely  filled  if  a binary  "1"  packet  is  transferred  into  It  from  either  of  the  three  Input 
channels . 

There  are  two  output  ports  from  the  D storage  area,  controlled  by  gates  b}  and  S').  When  gate  si 
is  switched  to  a transfer  mode,  the  charge  packet  stored  under  D transfers  out  producing  the  OR  func- 
tion in  Boolean  symbols  S]  = A ♦ B ♦ G. 

If  any  two  of  the  input  channels  transfer  a binary  "1"  packet  under  the  D storaqe  area.  It  will 
fill  completely  with  half  of  the  total  Input  charge  so  that  the  remaining  charge  overflows  across  the 
potential  barrier  bi  to  fill  the  M storage  area.  When  gate  X switches  to  a positive  value  the  charge 
packet  under  M transfers  out  as  In  Boolean  symbols  X - AB  + AG  ♦ BG. 

For  the  third  condition  when  all  three  Input  channels  transfer  binary  "1"  charge  packets  under 
the  D storage  area,  the  total  charges  fill  0,  overflow  across  bl  to  fill  M and  again  overflow  across 
the  b2  barrier  and  then  also  fill  the  I storage  area.  Subsequent  1 al ly  when  the  gate  Is  switched 
to  a positive  level,  the  charge  packet  under  the  I storage  area  transfers  out  as  the  AND  function, 

S2  = ABG.  Thus  with  one  simple  DCCL  gate  we  have  simultaneously  produced  the  AND,  OR  and  a combina- 
tional logic  function. 

Since  DCCL  Is  a dynamic  system,  the  D,  M,  and  I storagr  areas  must  he  completely  emptied  of  charge 
between  input  changes.  If  any  of  the  three  specific  functions  are  not  required  for  further  signal  pro- 
cessing the  charge  packet  at  that  exit  port  must  terminate  at  a sink  diode. 
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Logit  functions  such  .is  an  exclusive-OR  require  the  complement  of  a function.  Logic  inversion  is 
implemented  in  DCCl  by  the  use  of  a floating-gate  amplifier.  Earlier  papers  (RARRi  , 0.  f,  1975  ; TOMPSETT , 

M.  F.  1972)  have  described  a floating-gate  amplifier  in  which  the  present  potential  level  is  Induced  from 
a bias  electrode  overlapping  the  floating-gate.  Durinq  development  of  PCCl  circuits  we  have  found  it  p re  - 
ferrable  to  connect  the  voltage  directly  to  the  floating-gate  through  a FIT  used  as  a switch.  This  also 
enables  us  to  use  the  source  of  the  FET  as  a floating-  diffusion  and  also  to  sink  the  charge  on  the 
floating-diffusion  at  the  end  of  a clocking  sequence. 

The  layout  of  a DCCl  exc I us i ve -OR  gate  is  shown  in  Figure  2.  As  described  above,  if  either  of  the  two 
input  channels  transfers  a binary  "1"  into  the  D storage  area,  it  will  transfer  across  t and  s)  to  produce 
the  function  SI  • Afi  * All.  However,  when  both  input  channels  transfer  binary  "1"  packets  into  the  D stor- 
age area  so  that  it  overflows  across  b]  to  fill  M,  the  resulting  change  in  surface  potential  under  M in- 
duces a potential  change  on  the  floating-gate  or  floating  diffusion.  The  potential  change  is  transferred 
to  the  s^  end  of  the  floating-gate  causing  it  to  switch  from  a transfer  level  to  a charge  barrier  level. 

Now  when  t is  switched  to  a positive  voltage,  the  charge  packet  transferring  from  D will  be  retained  under 
t by  the  si  acting  as  a barrier.  During  the  next  clock  phase  when  c is  switched  to  a positive  voltage, 
the  packet  of  charges  held  in  t will  transfer  out  under  c to  produce  the  function  C Ah  and  no  charges 
will  transfer  out  of  sj. 

The  DCCl  exclusive-OR  is  identical  to  a half-adder  in  which  the  SI  output  is  the  SUM  and  the  C output 
is  the  CARRY  to  the  next  level.  A full -adder  can  be  implemented  by  increasing  the  input  channels  to  three, 
and  by  adding  the  b]  and  1 areas  as  shown  in  Figure  1.  The  SI  and  S2  arc'  connected  together  in  a DCCl  DR 
gate  to  form  the  SUM  output.  A photograph  of  a DCCL  (16  * 16)  adder  array  utilizing  16  full-adders,  carry- 
synchronizing  and  deskewing  shift  registers  is  shown  in  Figure  3. 

Two  questions  are  often  raised  about  DCCl.  Firstly,  can  long  logic  chains  be  implemented  even  through 
the  signal  level  degrades  due  to  transfer  losses?  Secondly,  can  each  function  fan-out  to  more  than  one 
other  function?  The  answer  to  both  of  these  questions  centers  on  the  use  of  a digital  refresh  cell. 

It  is  a simple  matter  to  modi fy  a half-adder  DCCL  cell  so  that  it  will  perform  the  digital  refresh 
function.  All  that  is  required  is  that  a diode  and  fill  and  spill  gate  he  arranged  to  insert  a binary  "I" 
into  the  D storage  cell  on  each  clock  phase,  synchronous  with  the  signal  charge  packet  in  the  other 
channel . 

If  the  B input  channel  is  designated  the  continuous  "1"  channel  and  channel  A the  input  signal  channel, 
then  the  SUM  and  CARRY  outputs  become  S - A and  C • A.  Since  the  C - A charge  packet  is  a binary  "1"  only 
when  D overflows,  it  must  be  a completely  full  charge  packet  no  matter  what  the  quantity  of  charges  in  the 

original  A input;  thjs  A is  refreshed.  Two  rows  of  such  digital  refresh  cells  are  shown  in  Figure  3.  This 

modified  cell  can  also  he  used  to  generate  the  complement  of  the  input  signal. 

In  order  to  provide  a fan-out  capability,  it  is  necessary  to  multiply  the  input  charge  packet.  One 
approach  is  to  multiply  the  fill  and  spill  input  areas  of  the  refresh  cell,  by  the  fan-out  required.  Ihe 
C output  from  the  t gate  is  then  divided  into  the  number  of  channels  required  for  the  fan-out. 

In  the  two  signal  filtering  applications  described  in  this  paper,  it  is  necessary  to  frequency  divide 
and  also  to  store  a signal  in  latch  registers.  The  digital  refresh  cell  can  perform  both  these  functions. 

By  connecting  the  SI  signal  back  to  an  OR-gate  at  the  A input,  charge  packets  will  be  generated  at  the 
C and  SI  output  ports  that  are  one  half  the  clock  frequency.  If  a 1-hlt  shift-register  delay  is  inserted 
in  the  feedback  between  SI  and  A.  the  charge  packet  train  generated  will  be  one  quarter  the  clock  frequency. 
The  clock  rate  can  thus  be  divided  down  by  any  even  number  by  Inserting  the  appropriate  delay  in  the  feed- 
back loop. 

To  implement  a latch  circuit  it  is  necessary  to  feedback  the  C output  from  a refresh  cell  to  an  DR 
gate  at  the  A input.  If  the  initial  SET  input  to  the  latch  is  a binary  "1",  the  latch  will  automatically 
refresh  the  charge  packet  each  clock  period  but  if  the  initial  SET  input  is  a binary  "0",  the  latch  will 
sink  any  thermal  charges  accumulated  between  clock  periods. 

LSI  rilR  VIDEO  DATA  COMPRESSION 

Data  communications  has  become  an  important  complement  to  military  avionics  in  many  comnand  and  control 
applications.  Most  data  transmission  is  today  accomplished  over  digital  communication  systems  taking  ad- 
vantage of  their  greater  efficiency  and  superior  error  control.  Television,  however,  has  continued  to 
utilize  analog  signalling  techniques.  This  arises  from  the  high  data  rates  (typically  6D  Mbps)  and  con- 
comitant wide  bandwidths  required  by  conventional  Pulse  Code  Modulation  (PCM)  of  video.  Typical  parameters 
required  for  good  fidelity  include  sampling  rates  of  10  MHz  or  greater  with  6 to  8 bits  per  sample.  Never- 
theless, the  switching,  storage  and  processing  advantages  of  digital  data  have  led  many  coninercial  and 
military  applications  to  favor  digital  television  transmission.  Fortunately,  developments  in  digital 
television  coding  techniques  have  shown  that  significant  compression  of  the  high  data  rates  can  be  achieved 
through  exploitation  of  spatial,  temporal  and  spectral  (color)  redundancy  in  color  video  data. 

An  extensive  video  data  compression  literature  exists  (PRATT,  W.  k. , 1973)  covering  a broad  range  of 
techniques  from  simple  sampling  schemes  to  sophisticated  statistical  algorithms.  Transform  image  coding 
offers  one  promising  approach  currently  in  use  in  prototype  systems  (IlilllR,  J.  A.  1974;  kNANIR,  S.  C.  1975). 
Transform  coding  algorithms  perform  a one-or  two-dimensional  unitary  transformation  on  the  input  data 
followed  by  some  form  of  quantization  of  the  resulting  coefficients.  At  the  receiver  the  inverse  transform 
is  performed  to  restrict  the  original  data  within  some  level  of  deqratation.  The  Hadamard,  Fourier,  Haar. 
Slant  and  Cosine  transforms  all  possess  qualities  desirable  for  data  compression. 

The  chief  df sadvantages  of  transform  coding  are  implementation  complexity  related  to  the  large  data 
block  sizes  needed  for  effective  decorrelation  and  high  sampling  rates.  With  two  (spatial)  dimensional  data 
blocks,  which  are  favored  for  taking  advantage  of  all  spatial  picture  correlation,  the  computation  rates  be- 
come Intense.  For  example,  using  the  straightforward  FFT,  an  8x8  sample  data  block  requires  3 "butterfly" 
operations  per  sample.  Resides  the  compiles  multiply  and  add  functions,  special  logic  must  be  included  to 
limit  numerical  noise  effects.  Such  systems  are  practical  only  through  use  of  LSI  to  reduce  complexity. 

DCCl  provides  ar,  excellent  potential  solution  bv  its  high  functional  density,  low  power  and  match  to  pipe- 
line algorithms.  An  ideal  device  for  significantly  reducing  computational  complexity  would  perform  one  or 
more  stages  of  a pipeline  version  transform  algorithm.  For  general  applicability,  sufficient  data  range 
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would  hr  provided  to  allow  the  same  device  to  be  used  at  any  stage  of  either  the  forward  or  reverse  trans- 
form for  data  block  st/es  as  large  as  lb  * 16.  As  much  of  the  clocking  and  control  as  possible  should  be 
Included  on  chip. 

As  an  example,  consider  the  Implementation  of  a Hadamard  transform  In  PCCl  pipeline  technology. 

Figure  4 Indicates  two  basic  stages  of  a pipeline  Hadamard  transform,  which  is  seen  to  involve  only  add, 
subtract  and  delays. 

One  crucial  problem  in  generating  the  Hadamard  transient!  of  a signal  is  dynamic  range  increase.  The 
Hadamard  coefficients  are  generated  by  adding  and  subtracting  outputs  of  previous  stages  which  has  the 
effect  of  doubling  the  dynamic  range  of  the  data  for  each  successive  stage.  In  a preliminary  study  to  de- 
termine the  feasibility  of  designing  a dual  function  (16  x 1)  Hadamard  transform  on  a single  chip,  we 
showed  that  it  could  best  be  carried  out  by  dividing  each  word  into  its  separate  bits  and  treating  each  bit 
as  a repeatable  Hadamard  transform  cell  (HTC).  The  number  of  required  HTC's  then  increases  at  each  stage 
with  the  dynamic  range. 

The  interconnection  of  four  HTC's  is  shown  in  Figure  6.  Each  cell  consists  of  two  full-adders,  four 
multiplexing  AND  gates  and  a feedback  delay.  The  I/O  Mux  signals  in  a HTC  AS  (first  Hadamard  stage,  6th 
significant  bit)  or  HTC  Ab  require  a single  clock  phase  delay,  while  in  the  B6  and  B6  stages,  they  require 
two  clock  phase  delays.  These  delays  are  part  of  the  Hadamard  encoding  technique  and  double  at  each  stage 
as  the  data  progresses  across  the  chip. 

The  carry-bit  from  Stage  Ab  transfers  vertically  to  Stage  Ab  after  a one-bit  delay  through  the ’'full- 
adder  and  the  input  data  to  Stage  Ab  must  also  be  delayed  by  one-bit  to  ensure  thev  arrive  synchronously 
with  the  carry-bit.  This  skewing  of  the  data  is  inherent  in  any  PCCl  pipeline  array  to  accommodate  the 
finite  charge  transfer  times. 

DCCL  COMPUTATI0NAI  MODULES 

The  Hadamard  transform  described  in  the  previous  section  is  implemented  with  DCCl  adder  and  subtractor 
arrays.  However,  by  using  additional  arrays  of  adders,  the  high  density  PCCl  technology  is  capable  of  per- 
forming many  pipeline  arithmetic  functions  on  the  same  chip. 

These  arithmetic  capabilities  can  be  utilised  in  filtering  appl 1c  at  ions : correlation,  convolution,  and 
fast  transforms  ( i . e . , Fourier,  Hadamard,  Hilbert,  etc.).  The  inherent  structure  to  these  functions  allows 
them  to  be  cast  into  flow-form  which  is  ideal  for  DCCl  pipeline  computations.  The  flow  form  of  the 
structure  allows  timing  and  data  routing  to  replace  much  of  the  program  memory  and  control  logic  found  in 
general  purpose  processors. 

A large  number  of  different  flowform  signal  processing  functions  can  be  formed  using  only  two  types  of 
DCCL  Large  Scale  Integrated  (LSI)  chips.  One  chip  provides  the  arithmetic  function  (All!  while  the  other 
provides  memory  and  control  (Ml  ). 

The  basic  arithmetic  functions  to  be  realised  are  addition/subtraction,  multiplication  and  scaling 
(multiplication  by  a power  of  two).  The  arithmetic  accuracy  required  for  the  different  appl i cat  ions , as 
we  have  seen,  can  vary  widely,  however,  the  metre  stringent  applications  such  as  ltakura  voice  processing, 
can  be  satisfied  with  lb-bit  mu! tipi  feat (on  accuracy  and  add! t ion/subt rac l ion  accuracy  of  lb-bits,  in 
some  cases  a double  precision  add/subtract  capability  of  32-bits  is  required.  A DCCL  chip  configuration 
with  this  capability  is  shown  in  Figure  6.  To  allow  the  sequence  of  arithmetic  operations  to  be  performed 
in  different  orders  corresponding  to  different  applications,  multiplexers  are  placed  at  the  input  to  the 
adder  and  multiplier.  A multiplexer  is  also  provided  at  the  output  so  that  results  of  the  different 
operations  can  be  selected. 

Control  inputs  are  accepted  by  the  arithmetic  chip  to  route  the  data  through  the  desired  elements  so 
that  a prescribed  sequence  of  operations  is  performed.  For  example,  the  radix  two  form  of  the  FFT  kernel 
or  "butterfly"  can  be  accomplished  with  six  add/subtract  operations  and  four  multiplications.  Initially, 
the  sum  of  the  real  parts  of  the  complex  inputs  is  computed  and  the  result  applied  to  the  output  for 
storage.  Next,  the  sum  of  the  imaginary  parts  is  computed  and  applied  to  the  output.  The  third  and  fourth 
steps  consist  of  computing  the  difference  between  the  real  parts  and  the  difference  between  the  imaginary 
parts,  respectively.  These  differences  are  then  routed  through  the  multiplier  where  they  are  multiplied 
by  the  sine  and  cosine  "twiddle  factors".  Four  passes  through  the  multiplier  are  required  to  compute  the 
four  products.  The  final  steps  in  the  "butterfly"  computation  which  complete  the  complex  multiply  are  to 
sum  one  pair  of  products  and  to  compute  the  difference  of  the  other  pair.  These  two  results  are  then 
returned  to  storage.  To  perform  a correlation  computation,  the  control  inputs  to  the  arithmetic  chip 
cause  the  output  of  the  adder  to  be  fed  back  to  the  input  thereby  operating  as  an  accumu! ator.  Tin 
sequences  of  the  two  input  variables  to  be  correlated  are  then  applied  to  the  multiplier  and  the  product 
accumulated.  Regi  ters  for  latching  the  data  words  are  not  shown  in  Figure  b because  storage  is  implicit 
in  the  operation  ot  DCCL. 

The  fundamental  consideration  in  applying  DCCL  is  the  throughput  delay.  Best  computational  efficiency 
is  obtained  using  pipeline  techniques.  Although  in  many  of  the  important  applications,  the  computations 
can  be  cast  into  a flow  form  suitable  for  pipelining,  there  is  also  a need  for  general  purpose  computer 
operations  such  as  executing  branching  and  jump  instructions.  Conditional  instructions  of  this  tvpe 
require  a comparison  to  be  made  before  the  next  step  in  the  program  is  determined.  Due  to  the  delay 
through  the  DCCL  arithmetic  logic,  it  is  difficult  to  perform  general  purpose  computing  efficiently.  With 
these  characteristics  of  DCCl  arithmetic  in  mind,  it  is  important  to  tailor  the  control  chip  to  match  the 
characteristics  of  the  All. 

The  basic  timing  can  be  broken  up  Into  blocks  of  N clock  intervals  where  N exactly  matches  the  delay 
throuqh  the  AU:  typically  this  may  be  between  16  to  3?  clock  Intervals.  Control  of  the  DCCl  arithmetic 
unit  can  be  divided  into  block  and  intra-block  Instructions.  The  Intra-block  instruction  controls  allow 
pipelined  operations  to  be  performed,  like  the  FFT,  where  data  words  are  added  and  then  subtracted  on 
successive  clock  pulses.  By  changing  the  block  Instructions,  the  intra-block  Instructions  can  be  changed 
after  each  block  of  N clock  pulses.  For  example,  the  All  can  perform  successive  sums  and  differences  on 
one  block  of  N sanfles  followed  by  a multiply  and  accumulate  on  the  next  Mock  of  N samples.  Since  the 
results  of  an  arithmetic  operation  becomes  available  at  the  arithmetic  unit  output  after  N samples, 
branching,  skip,  and  jump  instruction  can  be  performed  at  the  block  rate.  Thus,  the  All  can  either  per- 
form flow  form  types  of  confutations  at  the  high  rate  of  general  purpose  computation  at  the  lower  (by  a 
factor  of  lb  to  32)  block  rate. 
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The  separation  of  the  control  of  the  AU  into  block  and  Intra-block  functions  Is  Inherent  In  the  shift 
register  type  of  architecture  for  the  DCCL  control  chip  as  shown  in  Figure  7.  The  blocks  of  shift  register 
memory  may  be  either  conventional  data  memory  or  shift  register  read  only  memory  (ROM)  where  a metalliza- 
tion mask  determines  how  many  of  the  blocks  are  to  be  ROM  as  well  as  the  contents  of  the  ROM.  Multiplexers 
at  the  Input  and  output  control  the  flow  of  data  and  program  Instructions  to  and  from  the  AUs. 

tach  memory  block  in  Figure  7 consists  of  shift  registers  and  recirculation  logic.  Nominally,  the 
block  would  be  16  or  32  samples  long  with  lb  shift  registers  in  parallel  corresponding  to  a 16-bit/word 
parallel  data  format.  The  shift  register  block  has  a tap  after  N-1  samples  so  that  data  can  be  recircul- 
ated back  to  the  input  after  either  N or  N-l  sample  delays.  This  allows  the  memory  blocks  to  be  operated 
either  as  recirculating  memory  or  as  a dela^  line  time  compressor  (DCLTIC)  so  that  as  the  data  processes 
through  the  register,  the  oldest  sample  is  replaced  by  the  new  input  sample. 

When  the  DCCl  control  chip  is  operated  with  the  DCCL  arithmetic  unit,  the  two  data  outputs  are  selected 
by  the  multiplex  gates  and  applied  to  the  All  inputs,  while  the  arithmetic  unit  output  is  fed  back  to  the 
input  MllX.  The  lower  multiplex  gate  on  the  right  in  Figure  7 selects  the  control  values  from  either  the 
ROM  shift  registers  or  a data  shift  register;  thus,  the  controller  operation  can  proceed  either  according 
to  a program  stored  in  the  ROM  or  be  changed  by  input  values.  The  input  values  can  be  from  either  an  ex- 
ternal source  (e.g.,  an  interrupt)  or  from  values  computed  by  the  DCCL  arithmetic  unit. 

When  operated  at  the  slower  block  rate,  both  the  data  and  the  next  program  control  value  can  be  time- 
interleaved  so  that  both  are  computed  in  a single  N clock  Interval  block  time.  With  a 4 MHz  clock  rate  and 
N • 32,  both  operations  can  be  accomplished  in  8 psec. 


Secure  voice  processing  is  a potential  application  for  the  pair  of  DCCL  chips.  The  problem,  stated 
simply,  is  to  digitize  the  speech  signal  so  that  the  security  feature  can  be  Implemented  by  performing 
numerical  operations  on  the  data.  Unfortunately,  digitizing  the  speech  directly  (e.g.,  using  PCM)  results 
in  a greatly  increased  bit  rate.  In  order  to  reduce  the  bit  rate  so  that  it  can  be  transmitted  over  ex- 
isting audio  channels,  it  is  necessary  to  perform  the  secure  voice  processing  which,  in  essence,  compresses 
the  bandwidth  by  source  coding. 


One  of  several  voice  processing  techniques  is  to  employ  a linear  predictive  coding  (LPC)  algorithm 
(ITAKURA,  F.  et  al , 1972).  The  procedure  for  the  analyzer  nart  of  the  voice  processor  consists  of  passing 
a signal  through  ten  identical  stages  (as  shown  in  Figure  8).  In  each  stage  a Parcor  (ITAKURA,  F.  et  al . , 
1972)  coefficient,  K) , 1 = 1,  2,  •••  10,  is  determined  and  the  ten  coefficients  obtained  in  this  way,  plus 
pitch  and  voicing  information  are  the  data  which  are  sent  to  the  receiver  where  the  speech  is  reconstructed. 


As  indicated  in  Figure  8,  the  Parcor  coefficients  can  be  written 
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where  the  pf  are  correlation  values  and  the  Pj  are  the  mean  square  forward  prediction  errors  (or  backward 
prediction  errors).  The  o(  and  P)  can  be  written 
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In  practice,  the  sunmation  over  N forming  the  correlation  is  replaced  by  lowpass  filtering.  The 
expected  value  of  the  prediction  error  is  approximated  by  subtracting  the  product  of  the  Parcor  coefficient 
times  the  correlation  from  the  value  in  the  previous  stage.  A block  diagram  indicating  the  operations 
necessary  to  realize  an  Itakura  analyzer  stage  is  shown  in  Figure  8. 


Due  to  the  relatively  long  propagation  delay  through  the  DCCL  arithmetic  unit,  and  the  desire  to  employ 
pipeline  computation  for  best  speed  and  efficiency,  it  is  necessary  to  separate  the  computation  into  a number 
of  steps,  tach  Itakura  analyzer  section  can  be  computed  with  a sequence  of  eight  passes  through  the  arith- 
metic chip  to  perform  the  following  operations: 
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Two  multiplies,  an  add,  and  a table  lookup  are  required. 
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In  the  above  list  of  operations,  each  can  be  accomplished  in  a stralghforward  manner  by  applying  the 
appropriate  controls  to  the  arithmetic  chip.  The  divide  operation  can  be  implemented  by  a recursive 
algorithm,  which  requires  a ROM  table  lookup  to  estimate  the  inverse  value  followed  by  two  multiplications 
and  an  addition  (HUTCHINS,  S.  E.  et  al.,  1975).  Typically,  a conventional  ROM  would  be  used;  however,  a 
DCCt  ROM  could  be  used  if  the  longer  access  time  could  be  tolerated. 

A primary  difficulty  in  implementing  the  Itakura  analyzer  in  an  efficient  pipeline  fashion  with  DCCt 
is  that  the  result  of  one  pass  through  the  All  must  be  available  before  the  next  can  eminence.  This,  of 
course,  holds  true  for  each  of  the  ten  stages  in  the  Itakura  analyzer.  The  solution  to  this  problem  is  to 
employ  interleaving  (MILLER,  C.  S.  et  al.,  1975).  By  accepting,  say,  a 10  sample  delay,  the  first  opera- 
tion on  the  list  for  each  stage  can  be  computed  during  the  N clock  pulse  interval  corresponding  to  the 
propagation  tine  through  the  AU.  On  the  next  pass  through  the  AU  the  second  operation  on  the  list  is  per- 
formed for  each  of  the  ten  interleaved  stages.  After  the  last  operation  of  the  first  analyzer  stage  has 
been  completed,  the  time  position  of  the  result  is  shifted  one  clock  interval  utilizing  the  variable 
length  shift  register  (or  DELTIC)  in  the  control  chip  so  that  the  time  position  corresponds  to  the  inter- 
leaving for  the  second  analyzer  stage.  This  procedure  is  repeated  to  complete  the  ten-stage  analyzer 
computation.  Although  this  distrubiton  in  time  of  the  computation  of  different  analyzer  sections  and  the 
interleaving  of  the  operations  would  require  a conplicated  indexing  scheme  with  a general  purpose  computer, 
with  the  shift  register  structure  of  the  DCCL  control  chip  the  required  control  becomes  simple  and  straight- 
forward. 


CONCLUSIONS 

The  use  of  charge  coupled  devices  to  realize  digital  logic  and  arithmetic  functions  has  led  to  a new 
logic  family  referred  to  as  DCCL.  Complex  parallel  arrays  can  be  fabricated  to  realize  arithmetic  functions 
Because  of  the  high  functionsl  density  achievable  with  DCCL,  a powerful  computational  capability  (i.e.,  a 
16  x 16  bit  multiplier  plus  a 32  ♦ 32  bit  adder)  can  be  fabricated  on  a single  LSI  chip.  An  example  is 
shown  where  an  array  of  repeatable  cells  combining  logic  and  adders  are  arranged  to  perform  (16  x 1)  forward 
or  reverse  Hadamard  transforms.  A second  example  discusses  the  use  of  an  arithmetic  chip  combined  with  a 
memory  and  control  chip  to  perform  a variety  of  digital  filtering  and  signal  processing  operations.  The 
specific  example  given  is  the  analyzer  for  the  Itakura  secure  voice  processing  algorithm. 
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X = AB+AG+BG 


A three  input  digital  charge  coupled  logic  gate  that  simultaneously  implements  both  the  AND  and  OK 
functions  and  a combinational  logic  term 


A digital  charge  coupled  logic  half-adder  or  exclusive-OR  gate,  showing  the  location  of  the  floating  gate 
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DISCUSSION 


Rubtrh 

C ould  you  please  indicate  the  extent  to  which  the  complex  processors  you  describe  have  been  realized?  What 
packing  density,  speed  and  power  consumption  do  you  expect  from  this  technology? 


Author's  Reply 

rhe  8 x 8 multiplier  and  lb  x lb  adder  arrays  are  being  produced  The  lb  x lb,  32  + 32  adder/subtractor 
arrays  and  the  ( lb  x 1 ) iladamard  Transform  chips  are  in  the  process  of  being  digitized  and  will  be  produced 
early  in  1978.  The  arithmetic  unit  and  Control  chip  will  be  designed  and  digitized  in  the  spring  and  produced 
in  mid  1978. 

Hacking  density,  speed  and  power  consumption  are  fully  discussed  in  a paper  published  by  ti  l l Solid  State 
Section  Journal  this  month  (October  1977). 


Toumuis 

How  much  time  do  you  need  for  the  FF I 1000  points  you  described  ? 


Author's  Reply 

200  nanoseconds. 


E.Stern 

1 got  the  impression  that  you  can  do  both  memory  and  computation  functions  using  C(  D.  Is  this  so? 


Author’s  Reply 

Yes. 


E.Stern 

Could  you  contrast  your  technology  with  conventional  technology  TTL.  especially  in  terms  ol  power  consumption? 

Author's  Reply 

Power  consumption  is  much  less  than  TTL. 
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CHARGE  COUPLED  DEVICES  WITH  SIMPLIFIED  DRIVE  REQUIREMENTS 
J.N.  Gooding 

Allen  Clark  Research  Centre, 

The  Plessey  Company  Limited, 

Caswell,  Towcester,  Northamptonshire,  NN12  8EQ,  England 

SUMMARY 

The  capabilities  of  Charge  Coupled  Devices  make  them  attractive  for  a wide  range  of  signal  processing 
applications.  However,  their  advantages  are  diminished  if  they  need  to  be  surrounded  by  a significant 
amount  of  support  circuitry.  This  paper  discusses  to  what  extent  this  peripheral  circuitry  can  be 
simplified  if  not  eliminated.  Two  delay  line  designs  are  discussed  in  detail.  In  an  audio  delay  line 
all  the  support  circuitry  can  be  integrated  onto  the  CCD  chip.  Power  considerations  prevent  this  being 
done  at  video  frequencies.  However,  it  is  possible  to  reduce  the  video  delay  line  drive  requirements  to 
a single  phase  clock  drive  - all  other  required  waveforms,  etc.  being  generated  on  chip. 

1.  INTRODUCTION 

Our  aim  with  CCD  delay  lines  has  been  to  engineer  them  into  attractive,  easy-to-use  devices.  In  this 
way  we  can  make  the  most  of  their  inherent  cost,  size  and  power  advantages,  and  allow  these  advantages  to 
percolate  to  the  system  level.  This  paper  discusses  the  techniques  necessary  to  achieve  this  and  any 
implications  that  these  may  have  on  device  performance. 

The  main  complaint  of  system  designers  who  are  potential  CCD  users  has  been  that  the  devices  have  needed 
to  be  surrounded  by  a significant  amount  of  additional  circuitry  to  provide  the  necessary  drive  waveforms 
and  bias  potentials.  Such  a set  of  waveforms  is  shown  in  Figure  1.  This  shows 

(a)  Three-phase  clock  drive 

(b)  'Fill  and  spill'  pulse  necessary  to  perform  the  sampling  of  the  input  analogue  signal 

(c)  'Reset  pulse'  necessary  to  reset  the  CCD  output  diffusion  potential  prior  to  the 
emergence  of  each  charge  packet 

(d)  'Sample  pulse'  necessary  for  the  output  sample  and  hold  circuit.  This  circuit  reduces 
the  amount  of  clock  signal  present  in  the  output  signal. 

In  addition  to  these,  it  has  been  necessary  to  provide  several  biasses  for  input  gates,  output  gates, 
substrate  bias,  etc.  We  will  discuss  the  improvements  that  can  be  made  in  this  situation  related  to  CCD 
analogue  delay  lines,  but  these  techniques  can  and  are  being  applied  equally  to  other  CCD  signal  proces- 
sing devices. 

2.  THE  PROCESS 

The  first  improvement  that  can  be  made  is  to  choose  a process  which  has  built-in  barriers  to  give 
directionality  of  charge  transfer  as  described  in  (Browne,  V.A.,  this  conference).  This  not  only 
reduces  the  number  of  clock  waveforms  which  must  be  applied  to  the  device  but  it  makes  the  device  much 
more  tolerant  to  overshoots  and  other  waveform  imperfections.  Having  such  a two-phase  process  then 
allows  us  to  operate  in  the  pseudo  single  phase  mode  by  applying  a D.C.  potential  to  one  set  of  electrodes 
and  clocking  the  other  set  about  this  potential.  On-chip  MOS  circuitry  can  then  be  used  to  integrate  as 
much  as  possible  of  the  required  peripheral  circuitry.  For  the  video  delay  line  we  need  a process  with 
good  high  speed  performance.  The  isoplanar,  N-channel,  double-level  polysilicon  process  described  in 
(Browne,  V.A.,  this  conference)  satisfies  this  requirement  and  at  the  same  time  is  an  industry  standard 
process  which  should  help  to  keep  manufacturing  costs  down. 

Since  CCD  delay  lines  (both  audio  and  video)  tend  to  be  long, involvi ng  many  transfers,  buried  channel 
(rather  than  surface  channel)  technology  is  used.  This  gives  superior  transfer  efficiency  particularly 
at  video  frequencies.  A further  advantage  is  that  the  implant  used  to  fabricate  the  buried  channel  is 
also  available  for  use  in  transistors.  By  permuting  this  implant  with  the  CCD  barrier  implant  transistors 
having  four  different  threshold  voltages  (Vy)  are  available: 

(a)  polysi 1 icon1 1 , no  implants,  Vy  = + 1.25  volts 

(b)  polysilicon  1,  with  buried  channel  implant,  Vy  * -3  volts 

(c)  polysilicon  2,  with  barrier  implant,  Vy  = + 3.5  volts 

(d)  polysilicon  2,  with  barrier  and  buried  channel  implants,  Vy  = -3.5  volts 

With  the  exception  of  (c)  all  of  these  prove  useful  to  the  circuit  designer. 

3.  DELAY  LINE  DESIGN 

It  was  concluded  in  (Browne,  V.A.,  this  conference)  that  for  buried  channel  CCDs,  two-phase  or  pseudo 
single-phase  operation  offers  the  same  charge  handling  capability  and  signal  fidelity.  Thus  the  choice 
between  the  two  modes  of  operation  can  be  made  on  ease  of  drive  grounds. 

Two-phase  operation  appears  at  first  sight  to  give  a power  consumption  of  less  than  that  for  the  pseudo 
uniphase  mode.  A 15-volt  amplitude  clock  is  required  to  operate  the  buried  channel  CCD  (in  the  uniphase 
mode)  so  logically  only  7.5  volts  amplitude  should  be  required  for  the  two-phase  case.  Since  the  power 
dissipated  depends  upon  the  square  of  the  ampl i tude, the  total  dissipation  for  the  two  two-phase  drivers 
should  be  only  half  of  that  for  the  uniphase  driver.  To  achieve  this  a 7.5  volt  power  supply  would  be 
required  and  this  would  be  in  addition  to  the  15-volt  supply.  A requirement  for  two  positive  supplies 
would  be  in  conflict  with  the  easy-to-use  philosophy.  The  15-volt  supply  would  still  be  required  to 
provide  the  output  reset  potential  and  the  supply  for  the  output  buffer  stage.  Use  of  7.5  volt  clocks 
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would  also  present  problems  ,it  the  input  and  a higher  amplitude  clock  for  the  first  electrode  pair  of  the 
CCO  would  he  required  to  overcome  tins.  Ik' ne rat  ion  of  the  two  7.S  volt  amplitude  clocks  from  the  lb-volt 
supply  would  involve  about  the  same  power  dissipation  as  the  generation  of  a single  lb-volt  amplitude  c link. 

In  pseudo  single-phase  operation  the  D.C.  phase  needs  to  be  provided  with  a source  whose  impedance  is  low 
at  the  clock  frequency.  Decoupling  by  means  of  an  on-chip  capacitance  is  not  practical  since  the  silicon 
area  required  is  about  the  same  as  that  for  the  rest  of  the  chip  put  together.  Providing  a low  resistance 
source  presents  about  the  same  or  greater  difficulty  than  providing  a clock  driver  stage. 

the  conclusion  is  that  it  we  allow  an  off-chip  component  (a  capacitance  ot  . say,  0. 01  i.f  ) to  decouple  the 
D.c.  phase  in  the  uniphase  approach,  the  on-chip  generation  ot  two  7.S  volt  amplitude1  clocks  will  give  the 
same  dissipation  as  the  generation  of  a single-phase  lb-volt  clock.  It  an  off-chip  component  is  not  used 
then  the  two-phase  solution  will  be  the  minimum  power  due  to  the  extra  power  involved  with  providing  the 
D.C.  phase. 

Analogue  delay  lines  are  readily  divided  by  their  operational  freguency  range  into  audio  and  video 
categories.  Ue  have  chips  (adopting  simplified  drive  principals)  of  both  types  now  in  processing.  Delay 
line  test  chips  have  already  been  fabricated  on  the  silicon  gate  process  and  evaluated. 

.1.1.  Audio  Delay  Line 

At  audio  frequencies,  on-chip  MDS  circuitry  is  perfectly  capable  of  performing  all  the  required  peripheral 
functions,  figure  2 is  a block  diagram  of  our  audio  delay  line  which  is  a guad  bl, '’-stage  device.  The 


chip 

includes  circuitry  for 

(a) 

Clock  generation 

(M 

Clock  drive 

(c) 

Input  bias 

(‘D 

Output  buffer  and  sample  and  hold 

The  signal  delay  can  be  controlled  either  by  an  external  111  clock,  or  by  an  on-chip  voltage  controlled 
oscillator.  In  the  latter  mode  of  operation  a TTL  compatible  clock  pulse  at  the  internally  generated 

clock  freguency  is  available  as  an  output.  In  applications  where  a number  of  delay  line  chips  are  to  be 

cascaded  or  for  other  reasons  need  to  be  synchronised,  the  delay  can  be  programmed  on  one  master  chip 
which  then  drives  all  the  other  chips  at  the  same  frequency. 

Two-phase  clock  drive  has  been  selected  for  this  chip.  At  audio  frequencies  high  efficiency  clock  driver 
stages  can  be  made  but  it  is  very  difficult  to  provide  a low  impedance  source  i»..  the  D.C.  phase  without 
involving  significant  dissipation.  Hence  the  choice  lay  between 

(a)  2- phase  clock  with  no  external  components 

(b)  Single-phase  clock  with  off-chip  capacitance 

Option  (a)  was  selected  and  12-volt  amplitude  clocks  used  rather  than  7.S  volt.  This  was  at  a power 
penalty  of  only  b ntW  at  200  kM/  (less  at  lower  frequencies)  and  it  avoided  the  input  problems  mentioned 

in  Section  3.0.  At  these  power  levels  silicon  area  dominates  the  argument. 

3.1.1.  CCD  input  Techniques  (Audio) 

The  phase  referred  input  technique  (McCaughan  and  Harp,  l()7h)  was  adopted  since  this  requires  no  clocks  in 
addition  to  the  main  transport  clock. 

3.1.2.  CCD  Output  Techniques  (Audio) 

At  the  CCD  output  three  separate  non-overlapping  tin*1  slots  must  he  allocated  in  each  clock  cycle  for 

(a)  Output  diode  reset 

(b)  Transfer  of  signal  charge  from  last  storage  site  to  the  output  diode 

(c)  Sampling  by  output  sample  and  hold  circuit 

Since  the  clock  generation  is  all  on  chip,  and  the  MDS  circuitry  has  speed  in  hand,  it  is  a straight- 
forward job  to  provide  a clock  sequence  which  includes  pulses  for  (a)  and  (c)  with  the  correct  time 
relation  to  the  falling  edge  of  t,  which  controls  (b).  These  waveforms  are  shown  in  figure  3 together 
with  the  gating  circuitry  necessary  to  generate  them. 

3.1.3.  Audio  IV lay  line  Performance 

The  performance  of  the  device  is  summarised  in  the  following  target  specification  (quoted  at  2b°C  with 
VDD  ‘ 15  voUs)- 
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l..'.  Video  Delay  Line 

Here  we  must  consider  How  many  of  the  audio  delay  line  features  ran  He  implemented  at  video  frequencies 
and  indeed,  to  what  extent  this  is  desirable.  Video  delay  lines  are  regum-d  to  have  a pass  Hand  from 
O.C.  (or  about  100  It/)  up  to  about  H MM:,  Ihis  means  that  the  CCD  clock  frequency  must  bo  nivaler  than 
10  MM:  and  more  like  IS  Mil:  in  order  to  make  input  anti  aliasing  filtering  practical.  Mils  frequency  is 
i lose  to  the  useful  limit  tor  Mi's  circuitry  but  we  are  aided  by  having  the  N channel  isoplanar  process 
and  in  particular  its  self-aligned  diffusions. 

the  available  circuitry  does  in  tact  have  the  speed  capability  to  provide  all  the  required  on  chip 
functions  at  t requeue ies  of  up  to  about  .’0  Ml:,  but  in  most  cases  power  considerations  prohibit  us  from 
esploitinq  it  to  the  full.  Ihis  is  particularly  true  in  the  case  of  clock  drivers.  As  we  approach  the 

MOS  useful  frequency  limit  clock  driver  circuits  become  less  efficient.  Ibis  is  especially  true  it  the 

clock  waveform  is  required  to  pull  up  to  within,  say,  O.b  volt  of  the  V^  rail. 

taking  as  a practical  example  a 1000  stage  delay  line  using  a hOu  channel  width  and  designed  to  operate 

at  >0  MM:  at  l,’SlC  we  find: 

(a)  If  1001  efficient  drivers  were  available  they  would  dissipate  about  4 SO  mW  tuniphase  is-volt 
amplitude  clock  or  two  7.S  volts  clocks  derived  from  the  lb-volt  rail' 

(b)  A practical  uniphase  clock  generator  would  have  a worse  case  dissipation  of  about  three 
watts.  Ihis  mode  of  operation  would  also  require  an  oft  chip  decoupling  capacitance  tor 
the  O.C.  phase. 

(cl  A practical  circuit  to  provide  two  phases  at  about  nine  volts  amplitude  would  have  a worse- 

case  dissipation  of  about  two  watts. 

tin-chip  C MOS  circuitry  would  obviously  be  useful  in  this  respect.  Ihis  would  however  be  a non  standard 
process,  be  more  complex  than  the  isoplanar  polysilicon  one  currently  used  and  be  rather  limited  in 
application,  thus  it  is  not  ic-allv  a very  attractive  solution  to  this  problem.  I he  silicon  area 
requirt'd  for  the  above  driver(s)  would  be  large,  maybe  half  the  area  ol  the  COO  which  it  had  to  drive 

but  this  in  itself  would  not  be  prohibitive. 

figure  -I  shows  the  effect  of  on-chip  dissipation  on  i'll'  storage  time.  Ihis  is  plotted  for  ,’b'i  ambient 

and  for  the  situation  when  101  of  the  storage  well  capacity  is  allocated  to  leakage  charge,  It  can 

readily  be  seen  that,  it  we  air  not  to  significantly  degrade  the  storage  time,  the  on  chip  dissipation 
must  t>e  limited  to  the  .’00  mW  region.  These  figures  relate  to  a It-  pm  ceramic  package  in  still  an 
A ,’4-pin  ceramic  package  could  dissipate  about  SOI  moi-e  power  or  a lb-pin  plasti  package  about  40  less 
power  for  the  same  degradation.  Any  requirement  for  improved  cooling  would  conflict  with  the  easy  to 
drive  philosophy. 

We  can  conclude  that  for  most  video  delay  line  applications  it  is  necessary  to  ptvvido  scum-  degree  of 
thermal  isolation  between  the  iTD  and  its  clock  driver  circuit,  which  in  practice  means  that  they  must  be 
housed  in  separate  packages. 

We  can,  however,  integrate  all  the  other  peripheral  circuitry,  leaving  the  user  to  provide  only  a single 
phase  lb-volt  amplitude  clock  and  a decoupling  capacitance  for  the  I'.L.  phase.  All  the  additional  clocks 
associated  with  the  LCD  input  and  output  have  to  drive  only  relatively  small  capacitances  and  thus  these 
functions  can  be  performed  by  on  chip  circuitry  without  causing  undue  heating  of  the  chip. 


r* 


l *M 


1.2.1.  CCD  Input  Techniques  (Video) 


The  phase  referred  input  technique  is  obviously  attractive  due  to  its  simple  drive  requirements.  We 
have  found,  however,  that  it  is  only  useful  up  to  a few  Mil.'.  It  involves  a spilling  of  charge  from  the 
metering  well  back  to  the  input  diode  during  part  of  the  risetime  of  the  clock  waveform.  If  the  risetime 
is  too  short  insufficient  spilling  takes  place  and  distortion  of  the  transfer  characteristic  results.  In 
order  to  avoid  this  problem  the  risetime  of  the  clock  waveform  must  not  be  less  than  about  70  nS  at  2S  l 
(about  1-10  nS  at  I2S  c).  Ibis  limits  the  technique  to  frequencies  below  about  < MM;  or  possibly  S Mil.-  it 
an  asymmetrical,  non -unity  mark  to  space  ratio  waveform  is  used. 

The  'till  and  spill'  technique  also  requires  a finite  spill  time  which  is  about  10  ns  at  ,'h‘Y  (,’li  nS  at 
I2F>  C).  Hence,  it  is  useful  when  used  in  conjunction  with  on-chip  pulse  generation  up  to  about  10  Mil.1, 
although  again  this  could  be  slightly  extended  by  tailoring  the  clock  waveform. 

The  'floating  diffusion'  (or  charge  injection)  technique  is  suitable  for  operation  with  on-chip  generated 
clocks  up  to  .’0  Mil.',  F igure  H(a)  shows  the  structure  of  the  ICO  input  and  S(b)  the  waveforms  necessary 
to  drive  it.  It  is  essential  that  the  input  sampling  clock  t does  not  overlap  on  either  edge  the-  clock 
waveform  applied  to  the  electrode  pair  following  V„|.  T tie  “only  practical  way  of  achieving  tins  is  to 

apply  a delayed  clock  (a..)  rather  than  the  main  "clock  to  this  electrode  pair.  Then  by  use  of  gating 
we  can  produce  two  waveforms  a and  a^which  are  completely  underlapping.  The  charge  packet  will  reside 
under  the  a^  electrode  pair  “and  the  following  a^ . electrode  pair  for  less  time  than  it  resides  under 

the  other  CCD  electrodes  and  in  tins  way  make  up  tnh  delay  between  a and  a.r  Hie  waveforms  of  Figure 

S(b)  can  be  generated  by  the  gating  shown  in  Figure  !>(c),  although  tins  is  not  the  only  means  of  doing 
it. 

j. CCD  Output  Techniques  (Video) 

As  pointed  out  for  the  audio  delay  line  in  Section  l.l .2.,  three  separate  non-overlapping  time  slots  must 
be  allocated  in  each  clock  cycle  for  the  correct  operation  of  the  CCD  output  and  sample  and  hold  circuit. 
Ihis  can  be  done  by  first  generating  two  non-overlapping  clock  waveforms  in  an  identical  manner  to  that 
performed  for  the  video  delay  line  input  circuit.  The  two  waveforms  ( j and  | ) can  now  be  used  for  the 
output  diode  reset  and  the  sample-and-hold  sample  pulse  respectively.  It  remains  to  delay  the  time  at 
which  the  signal  charge  is  transferred  from  the  last  storage  well  to  the  output  diode  so  that  this  occurs 

after  the  reset  transistor  is  turned  off,  but  before  the  sample  transistor  is  turned  on.  lwo  things  are 

done  to  achieve  this  delay: 

(a)  The  last  electrode  pair  is  split  electrically  and  is  used  to  drive  the  storage  electrode 
(polysi  1 icon  I)  whils*  t tie  normal  j is  still  used  to  drive  the  barrier  electrode 

( polys i 1 icon  .') . 

(b)  This  last  storage  electrode  is  enlarged  so  that  signal  charge  is  not  transferred  to  the  diode 
until  further  down  t he  falling  edge  of  than  would  have  been  the  cast-  with  a standard  site 
el ec  t rode . 

A depletion  mode  transistor  using  polysi  1 icon  1 is  used  for  t he  reset  transistor,  and  a polysi  licon 
depletion  mode  transistor  is  used  for  the  sample  switch,  each  being  chosen  because  of  their  threshold 
voltage. 

Figures  b(a)  and  (b)  show  the  output  structure  and  timing.  I he  shaded  parts  of  and  in  Figure  b(h) 
represent  t fie  'on'  periods  for  the  reset  and  sample  transistors. 

j.2.3.  Video  Delay  Line  Performance 

i he  performance  of  our  dual  256-stage  delay  line  is  summarised  in  the  following  target  specification 
(quoted  it  2b  C ) : 
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llll  1 tS 
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mS 
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60 
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SUBS  IRAK  It  IAS  i.INI  HAM  ON 


Hit'  virtues  of  applying  a reverse  Mas  to  the  substrate  are: 

(a)  Any  overshoots  on  the  clock  (or  at  any  other  circuit  point)  which  iause  an  N* 
diffusion  to  substrate  diode  to  become  forward  biassed  will  generate  carriers 
within  the  substrate,  lhis  can  give  rise  to  greatly  increased  leakage  being 
observed  in  the  CCD.  The  application  of  a reverse  bias  to  the  substrate  will 
reduce  the  likelihood  of  any  overshoot  occurring. 

(b)  Hie  junction  capacitance  between  a diffusion  and  the  substrate  depends  upon(V„}  * 
where  Vg  is  the  junction  reverse  bias.  Hence  an  increase  in  V will  reduce  the 
capacitive  loading  due  to  the  Junction  and  give  a correspondingly  snail  increase 
in  the  circuit  speed. 

(cl  It  will  also  mean  that  circuit  voltages  are  fluctuating  on  the  less  steep  part  of 

the  capacitance  voltage  curve  thus  reducing  harmonic  distortion  in  analogue 
c ireui ts . 

lhe  disadvantage  of  substrate  bias  is  of  course  the  complication  involved  in  providing  it.  Since  the 
only  current  that  this  supply  needs  to  provide  is  that  due  to  leakage  current.it  is  possible  to  provide 
an  on  chip  circuit  to  generate  it.  lhis  is  a practice  adopted  by  several  other  MOS  circuit  manufacturers 
since  the  problem  is  common  to  all  MOS  (and  particularly  dynamic)  circuits.  Such  a generator  has  been 
included  in  the  design  of  our  audio  delay  line.  There  is,  however,  a hazard  Involved  with  this  method  of 
bias  generation,  lhe  bias  generation  circuit  itself  will  inject  carriers  into  the  substrate  and  steps 
have  been  taken  in  the  design  to  isolate  these  from  the  CCD.  It  remains  to  be  seen  whether  this  is  1001 
effect ive. 

S.  CONCLUSIONS 

by  the  wans  described  we  believe  it  is  possible  to  reduce  the  support  circuitry  reguired  for  CCD  delay 
lines  to  a minimum  without  compromising  the  device  performance.  The  availability  of  the  next  generation 
of  engineered  CCD  products  similar  to  that  shown  in  figure  7,  should  result  in  a much  more  uni versal 
acceptance  of  the  devices  than  has  hitherto  been  seen. 
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Output  Scheme  ( Audio) 
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Input  Scheme  (Video) 
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Output  Scheme  (Video) 
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SUMMARY 

The  Electronically  Steerable  Radar  (ELRA)  is  an  experimental  phased-array  system  consisting  of  separate  transmitting  and 
receiving  arrays,  several  coherent  and  incoherent  signal  processing  units,  and  computers  for  antenna  control,  data  handling, 
and  the  display  system.  The  design  was  aimed  at  a versatile  instrument  for  proving  modem  radar  proceedings,  signal  process- 
ing and  data  handling  techniques,  incorporating  multiple  beam  and  multi -function  cap<4>ility  [lj . 

This  paper  deals  with  the  design,  development,  and  fabrication  of  two  types  of  SAW  filters  for  the  IF-amplifier  of  the  re- 
ceiving array.  Compared  to  conventional  filters  with  lumped  elements,  these  filters  have  some  important  merits.  Their  use 
represents  one  of  the  few  applications  where  high-quality  mass-produced  SAW  devices  have  been  applied  to  improve  the 
system  performance. 

1.  INTRODUCTION 

There  are  some  peculiarities  of  the  array  system  which  influence  the  design  of  the  filtering  devices  in  the  IF-amplifier . 

The  transmitting  array  serially  rodiates  up  to  six  nearly  rectangular  pulses,  each  of  them  in  a different  direction.  The 
pulse  length  can  vary  from  pulse  to  pulse,  and  depends  on  the  actual  task  of  the  radar.  A length  of  10  ps  is  used  for  un- 
detected target  search  resulting  in  a relatively  large  resolution  cell.  For  target  tracking  the  pulse  length  is  reduced  to 
2 ps  giving  a better  range  resolution.  The  receiving  array  should  be  able  to  scan  the  six  directions  in  which  the  trans- 
mitter has  been  sending  and  should  be  able  to  simultaneously  match  its  bandwidth  to  the  transmitted  pulse  length  in  order 
to  optimize  the  signal -to-noise  ratio. 

The  receiving  array  consists  of  many  identical  receiver  chains.  At  the  moment  we  are  using  200  modules,  and  the  next 
stage  will  comprise  800  modules.  With  such  a high  number,  the  stability  of  the  single  receiver  is  an  absolute  demand. 
Alterations  of  parameters  will  gradually  worsen  the  system  performance  which  can  only  be  recovered  by  permanent  main- 
tenance. Though  we  use  an  automatic  system  for  measuring  and  compensating  relative  phase  drifts,  there  are  other 
parameters,  e.g.  the  frequency  response,  which  cannot  be  controlled  permanently  and  therefore  may  not  have  tempera- 
ture drifts  or  ageing  effects. 

For  special  signal  processing  applications  the  actual  frequency  response  is  not  as  important  as  its  reproducibility,  both  in 
amplitude  and  phase.  The  frequency  behaviour  may  differ  from  the  optimum  but  should  be  equal  in  all  receiving  channels 
in  order  to  avoid  the  decorrelation  of  wideband  signals.  This  is  a very  tight  demand  which  causes  mony  difficulties  in 
realizing  a filter. 

2.  DERIVATION  OF  THE  FILTER  SPECIFICATIONS 

[he  aspects  of  chapter  1 have  influenced  the  design  of  the  receiver  module  (figure  1).  A low-noise  preamplifier,  an  image- 
rejection  mixer,  and  a low-noise  IF -preamplifier  form  the  S-band  front  end.  It  is  followed  by  two  IF-amplifiers  with  different 
bandwidths.  The  first  has  a high  bandwidth  matched  to  the  short  pulses,  the  second  has  a low  bandwidth  matched  to  the  longer 
pulses.  The  latter  can  be  bypassed  when  receiving  short  pulses  making  it  possible  to  change  the  receiver  bandwidth  very 
rapidly  according  to  the  actual  pulse  length.  A synchronous  detector  delivers  the  in-phase  and  quadrature  components  of  the 
signal  converted  to  the  video  band  allowing  coherent  signal  processing.  The  phase  shifter  is  located  in  the  reference  path  of 
the  detector  and  can  be  rapidly  switched  between  six  predetermined  phase  values  belonging  to  those  directions  in  which  the 
transmitter  has  been  radiating.  The  combination  of  phase  shift  change,  bandwidth  switching  and  appropriate  sampling  of  the 
outputs  represents  a time-multiplex  method  for  generating  six  independently  steerable  beams  [2].  This  procedure  has  no  loss 
of  signal -to-noise  ratio  as  this  has  been  previously  optimized  by  the  filters.  In  comparison  with  this,  the  usual  arrangement 
of  the  phase  shifter  in  the  RF-stage  would  require  a higher  bandwidth  matched  to  the  switching  time  interval  which  is  shorter 
than  the  pulse  length.  A filter  matched  to  the  signal  bandwidth  would  deteriorate  the  signal  by  its  settling  time. 

The  most  efficient  filter  for  discriminating  between  white  gaussian  noise  and  the  desired  signal  echoes  is  a matched  filter 
whose  frequency  response  is  the  complex  conjugate  of  the  transmitted  spectrum.  Thus,  the  matched  filter  for  the  rectangular 
10  p*~pul*e  should  have  a sinX/X  -type  frequency  characteristic  with  a 3 dB-bandwidth  of  about  88  kHz,  the  first  nulls 
being  100  kHz  apart  from  the  center  frequency  of  30  MHz.  This  filter  with  a relative  bandwidth  of  about  0.3  % is  very 
difficult  to  realize  by  conventional  LC-filterc.  We  tried  resonant  circuits  with  several  undercritically  coupled  bandpass 
filters,  using  high-quality  ferrite  materials,  and  succeeded  to  approximate  the  main  range  of  the  frequency  spectrum  rather 
well.  But  this  solution  had  some  serious  disadvantages.  The  tuning  procedure  was  difficult,  the  reproducibility  of  the  fre- 
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quency  chorocteristic  insufficient,  the  long-term  stobi I ity  poof,  and  the  sensitivity  to  temperature  change!  too  high.  There- 
fore, we  gave  up  the  conventional  filter  technique  and  decided  to  choose  a surface  acoustic  wave  filter. 

The  second  pulse  length  of  2 us  is  used  in  the  tracking  case  where  the  estimation  of  target  parameters  is  more  important  than 
the  detection  capability.  Thus  we  did  not  strictly  apply  the  matched  filter  concept  requiring  the  same  characteristic  as 
above  except  for  a higher  J dB-bandwidth  of  about  0.44  MHz.  The  first  200  receivers  are  equipped  with  conventional 
1 MHz-bandpass  filters  consisting  o'  capacitors  end  etched  coils  which  will  be  replaced  in  the  next  600  receivers  by  a SAW 
filter  with  a rectcngular  band|«!»  f 1 MHz  bandwidth,  small  ripples  in  the  pcssband,  the  side  lobes  30  dB  below  the  pass- 
band. 

Both  types  of  filters  should  have  a moderate  insertion  loss,  good  temperature  stability  and,  above  all,  a good  reproducibility 
(e.g.  deviations  of  the  center  frequency  smaller  then  2 kHz  at  30  MHz). 


3.  DESIGN  AND  PRODUCTION  OF  THE  SAW  FILTERS 

3.1  The  SAW  Bmdpass  Filters 

Todays  principle  materials  for  SAW  devices  are  lithium  niobate  and  quartz,  which  have  very  different  acoustic  and  thermal 
properties.  Lithium  niobate,  which  is  (bout  30  times  stronger  piezoelectrical ly  but  more  temperature  sensitive  than  quartz, 
is  generally  used  for  wideband  low-loss  applications.  Because  of  the  much  lower  piezoelectric  activity  of  quartz,  a low 
insertion  loss  is  only  possible  with  narrowband  filters.  Since  temperature  stability,  which  in  turn  means  stability  of  frequency 
and  phase,  is  of  prime  importance  in  our  phased  array  radar  application,  our  choice  was  ST-quartz,  which  is  42.5°  rotated 
Y-cut,  X -propagating . 

The  filters  consist  of  an  input  and  an  output  transducer  (reciprocal,  except  for  impedance  level)  on  a polished  surface  of  the 
ST-quartz  substrate.  Transducers  are  fabricated  by  evaporating  aluminium  and  defining  the  electrode  pattern  by  standard 
photolithography.  For  the  filters  described  in  this  paper,  we  used  very  simple  transducers:  one  wideband  transducer  with  few 
electrodes  and  one  narrowband  transducer  which  almost  entirely  determines  the  frequency  characteristic  of  the  filter.  De- 
pending on  their  design,  transducers  are  capcble  of  operating  at  odd  harmonic  frequencies  [3,4]  . A transducer  operating  at 
the  third  harmonic,  requires  fewer  and  larger  electrodes  [5].  This  is  very  often  advantageous  for  the  lithographic  work  be- 
cause the  yield  is  vastly  improved.  On  the  other  hand,  fewer  electrodes  may  cause  the  transducer  impedance  level  to  be  too 
high,  causing  matching  problems  and  thus  high  insertion  loss. 

3.2  The  Wideband  Fijter 

In  order  to  obtain  a rectangular-type  passband,  it  is  necessary  to  use  at  least  one  weighted  transducer.  We  chose  a sinX/X 
weighting  function  with  o total  of  six  sidelobes  multiplied  with  a truncated  Kaiser  function  [6].  An  in-house  developed 
computer  program  was  used  to  select  the  optimum  number  of  sidelobes  for  the  sinX/X  function  and  the  width  of  the  Kaiser 
function.  For  example,  increasing  the  number  of  sidelobes  beyond  3 only  lengthens  the  filter  structure  without  gaining  any- 
thing in  performance.  Diffraction  effects,  due  to  on  increasingly  smaller  acoustic  aperture  of  the  sidelobes  can  lead  to  a 
degradation  in  performance.  Decreasing  the  number  of  sidelobes  seems  attractive  because  it  leads  to  a saving  in  substrate 
material,  but  unfortunately  also  to  higher  ripples  in  the  passband.  Narrowing  the  Kaiser  function  causes  increasing  sidelobe 
suppression  and  decreasing  rolloff  at  the  band  edges. 

The  final  design  of  the  wi debend  filter  is  illustrated  in  figure  2.  Because  of  the  large  bandwidth  and  the  small  piezoelectric 
coupling  of  ST-quartz,  it  was  necessary  to  use  the  maximum  possible  acoustic  aperture,  which  was  150  acoustic  wavelengths, 
to  obtain  minimum  insertion  loss.  In  order  to  reduce  the  electrical  resistance  of  the  electrodes,  the  transducers  were  split 
into  two  parts  and  fed  from  the  center.  Double  electrodes  were  used  with  the  fundamental  frequency  at  30  MHz  and  a third 
harmonic  at  90  MHz. 

3.3  The  Narrowband  Filter 

In  order  to  increase  the  yield  in  manufacturing  the  filters,  we  chose  to  design  this  filter  to  operate  at  the  third  harmonic 
frequency.  This  allowed  us  to  use  fewer  and  larger  electrodes  as  are  required  for  fundamental  frequency  operation.  The 
number  of  electrodes  is  still  sufficient  to  obtain  a tolerable  Insertion  loss  [4],  The  design  of  this  filter  is  illustrated  in  fig. 3. 
The  total  filter  response  is  given  by  the  product  of  the  two  transducer  frequency  responses:  F(ur)  = T,  (u>)  • T2  (u>),  where 
T(ur)  are  the  slnX/X  frequency  responses  of  the  narrowband  transducer  (many  interdigital  electrodes)  and  of  the  wideband 
transducer  (few  electrodes).  Two  filters  are  placed  on  a 50x19mm  substrate  which  are  separated  about  4 mm  to  keep  the 
acoustic  coupling  between  them  low. 

3.4  The  Fabrication  of  the  Filters 

Because  of  the  low  operating  frequency  of  30  MHz,  the  minimum  transducer  electrode  dimensions  (finger  width)  are  of  the 
order  of  fens  of  pm.  The  total  electrode  area  Is  however  several  cm1 . Our  filters  were  thus  made  in  a single  20:  1 reduction 
step.  The  filter  masks  were  cut  on  rubyllth  and  photographed  several  times,  each  time  varying  the  reduction  factor  by  a 
small  amount.  Because  there  exists  a spread  in  the  center  frequency  of  the  filters  if  a number  of  filters  are  made  using  the 
sane  meek,  several  filters  had  to  be  made  from  each  mask.  The  mask  which  yielded  filters  with  center  frequencies  closest 
to  30  MHz  was  then  selected.  A chrome  copy  of  this  mask  was  made  which  was  then  used  to  fabricate  aM  filters. 

The  bottom  side  of  the  2x0.75x0.1  inch  (50x  19x2.5  mm)  ST-quartz  substrates  was  ground  with  a smoll  diamond  drill  in 
order  to  scatter  volume  waves  which  are  also  excited  to  a small  degree  by  the  SAW  transducers.  The  substrates  were  then 
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cleaned  chemically  and  vacuum  coated  with  0.4  pm  of  aluminium,  which  30  min.  of  argon  discharge  cleaning  preceded. 
Shipley  AZ  1350H  positive  photoresist  wt»  used  to  define  the  filter  pattern.  The  aluminium  was  then  chemically  etched  in 
warn  (31°C)  l6H,POt  2HiO  : I HNO)  : 1 CH,COOH  acid  by  constantly  removing  the  gas  bubbles  with  a nitrogen 
stream  The  etch  rate  was  about  0.075  pm/min.  Filters  were  then  packaged,  and  the  frequency  measured  with  a GR  1710 
network  analyzer. 

3.5  Adjustment  of  the  Center  Frequency 

We  have  measured  the  frequency  of  several  hundred  narrowband  filters  and  plotted  the  deviation  from  nominally  30.000 
MHz  in  figure  4.  A gaussian-type  spread  is  obtained  with  an  rms  meal  deviation  of  several  kHz.  The  data  shown  illustrates 
the  center  frequencies  after  the  aluminium  transducers  hove  been  etched.  We  have  used  only  one  chrome  mask  for  all  filters 
all  experimental  conditions  were  kept  constant  throughout  the  fabrication  of  the  filters.  It  is  apparent  that  those  filters  made 
earlier,  hove  a slightly  higher  center  frequency.  This  effect  is  believed  to  be  an  ageing  effect  of  the  polished  (and  thus 
strained)  surface . Experiments  are  under  way  to  confirm  this.  It  seems  reasonable  that  such  ageing  effects  should  be  even 
more  severe  in  SAW  devices  than  in  bulk  acoustic  wave  devices. 

The  frequency  of  SAW  devices  may  be  varied  by  a small  degree  by  varying  the  m®s  loading  effect  of  the  electrodes.  This  is, 
for  exanple.possible  by  etching  the  aluminium  (in  oar  case  typically  0.4  pm  thick)  chemically  thinner.  The  rate  of  frequency 
change  for  the  narrowband  filters  (double  electrodes,  third  harmonic)  is  given  in  Table  1 . From  the  experimental  data  shown, 
it  is  also  apparent  why  gold  electrodes  are  unsuitcble,  even  at  these  low  frequencies:  in  order  to  obtain  a frequency  change 
of  1 kHz,  the  deposited  gold  thickness  must  change  by  only  0.001  pm,  a value  which  is  not  practical.  An  increase  in  the 
center  frequency  is  obtained  by  depositing  a thin  layer  of  insulating  material  with  a higher  acoustic  velocity  than  ST-quartz. 
Such  a material  is  Al202 , aluminium  oxide.  Similarly,  if  the  frequency  must  decrease,  one  must  deposit  a material  with  a 
lower  acoustic  velocity  than  ST-quartz  such  as  ZnO,  zink  oxide.  Insulating  ZnO  is  obtained  by  sputtering  in  an  argon  with 
a few  percent  oxygen.  AI2Oj  may  also  be  sputtered  in  atgon  or  evcporated  with  an  electron  gun.  At  30  MHz,  the  required 
film  thicknesses  for  a frequency  change  of  10  kHz  are  about  0.1  pm  or  loss,  a very  practical  value.  The  filters  described 
here  were  all  odjusted  to  a frequency  of  30  + 0.001  MHz,  by  monitoring  the  frequency  during  the  sputter  or  evaporation 
process. 

TABLE  1 

Mass  Loading  Effect  on  Narrowband  Filter 


Material 

c, 

aluminium  * 
electrodes 

-0.1 

gold 

electrodes 

-2.85 

ZnO  * 

-0.5 

Al,0,  ** 

+0.35 

Af/f0  C,hA 

h layer  thickness 

* = double  electrodes,  third  harmonic 

**  = continuous  film  on  aluminium 
double  electrode  transducers  at 
third  harmonic,  h^|  = 0.0038X, 

4.  FILTER  PERFORMANCE 
4.1  Reproducibility 

We  made  some  measurements  on  the  performance  confirming  the  desired  specifications.  Figure  5 shows  the  frequency  response 
of  the  filters  around  the  center  frequency  demonstrating  the  fundamental  difference  between  both  types  of  filter.  The  maxi- 
mum sidelobes  of  the  rectangular  wideband  filter  remain  below  35  dB,  5 dB  better  than  specified.  Ripples  in  the  passband  do 
not  exceed  0.5  dB. 

The  mainlobe  of  the  narrowband  filter  agrees  very  well  with  the  theoretical  sin  X/X  -function,  whereas  the  sidelobes  differ 
in  height  and  symmetry.  But  this  effect  seems  irrelevant  to  the  system  performance,  for 

- the  mainlobe  of  the  frequency  spectrum  comprises  most  of  the  signal  power,  and 

- the  real  transmitted  pulse  differs  from  the  ideal  rectangular  pulse  by  its  finite  rise  and  decay  time  causing  a spectrum  with 
a reduced  sidelobe  level . 
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In  order  to  get  a critical  measure  of  the  repeatability  of  the  frequency  response  we  applied  the  following  procedure.  We 
arranged  one  of  the  narrowtxrtd  filters  in  the  reference  path  and  another  one  in  the  test  path  of  an  HP  8407  A network 
analyzer  which  thus  directly  delivered  the  attenuation  ratio  and  the  phase  difference  of  both  filters  at  its  outputs.  In  figure6 
we  compared  15  different  filters  with  the  same  reference  filter  whose  frequency  characteristic  in  amplitude  and  phase  has 
been  drawn  in  the  lower  port  of  the  diagram.  The  frequency  range  of  the  measurement  covers  only  a section  of  the  principal 
lobe,  because  the  reference  level  must  be  kept  sufficiently  high.  One  can  infer  the  cause  of  the  inaccuracies  from  the  form 
of  the  difference  functions  drawn  with  on  enlarged  scale  in  the  upper  part  of  the  diagrcm.  Deviations  of  the  center  frequency 
produce  odd  functions,  and  deviations  of  the  bandwidth  produce  even  functions.  Other  functional  courses  point  to  a mixture 
of  both  causes.  These  deviations  must  have  an  rms-value  smaller  than  1 kHz,  in  order  to  involve  the  measured  differences. 
This  excellent  value  cannot  be  obtained  with  conventional  LC-filters. 

Differences  of  attenuation  and  phase  at  the  center  frequency  (tuned  out  with  this  measurement)  are  naturally  larger,  but  of 
no  great  importance  for  our  application  as  we  have  provided  hardware  and  software  means  to  compensate  the  differences  for 
one  frequency. 


4.2  Insertion  loss,  Impedonce  Matching  and  Far-Off- Selectivity 


The  insertion  loss  is  relatively  high  but  can  yet  be  reduced  by  proper  matching  of  the  input  and  output  impedances  which  are 
complex,  mainly  capacitive.  In  general,  there  are  several  combinations  of  matching  circuits  which  compensate  the  reactive 
component  and  simultaneously  transform  the  resistive  component  of  the  filter  impedance.  Ti  e matching  network  must  have  a 
bandwidth  considerably  larger  than  that  of  the  filter  in  order  to  have  little  influence  on  the  resulting  frequency  response. 
Otherwise  it  could  worsen  the  excellent  performance  of  the  SAW  filter.  So  it  is  often  better  to  admit  a small  mismatch,  thus 
increasing  the  bandwidth  at  the  cost  of  a less  reduced  insertion  loss  which  can  be  easily  compensated  in  the  IF-amplifier  at 
these  frequencies. 

The  effect  of  the  impedance  matching  on  the  insertion  loss  and  far-off  selectivity  can  be  demonstrated  in  figure  7.  The  dia- 
gram on  the  right  shows  the  attenuation  function  of  the  rectangular  filter  in  a wider  frequency  range.  The  pssbcnd  at  30  MHz 
is  repeated  at  the  third  harmonic  of  90  MHz.  The  peaks  nea  48  and  55  MHz  are  caused  by  undesired  bulk  waves.  The  gradual 
increase  of  the  b<re-line  with  higher  frequencies  seems  to  originate  from  electrical  coupling  by  an  unfavourable  measuring 
arrangement.  At  the  left,  the  filter  is  matched  to  the  50fi  network  analyzer.  The  insertion  loss  decreases  around  the  center 
frequency  and  increases  outside  this  region.  The  unwanted,  spurious  responses  have  been  considerably  suppressed. 

The  narrowband  filter  shows  a similar  behaviour  (figure  8).  There  are  repeated  passbands  at  10,  30,  and  90  MHz,  and  peaks 
influenced  by  bulk  waves  at  about  17,  19,  48,  and  54  MHz.  The  matching  network  is  a high-pass  type,  reducing  the  lower 
frequencies  more  than  higher  ones.  In  figure  9,  two  types  of  low-pass  matching  networks  have  been  used  with  a higher  sup- 
pression at  higher  frequencies  whereas  the  reduction  of  the  lower  spurious  responses  is  not  so  good.  By  a combination  of  both 
types,  for  example,  a low-pass  matching  network  in  the  input  of  the  filter  and  a high-pass  type  in  the  output,  an  equalized 
reduction  of  unwonted  responses  con  be  achieved. 

Further  means  for  increasing  the  far-off  selectivity  can  be  very  simple.  Usual  resonant  circuits  with  a low  Q and  therefore 
good  stability  ore  sufficient. 

For  getting  a high  selectivity  and  amplification,  conventional  IF-amplifiers  use  several  resonant  circuits  or  band  filters  with 
anplifying  devices  between  them.  With  SAW  filters  the  design  of  IF-anplifiers  can  be  simplified.  Since  the  selectivity  is 
concentrated  in  the  filter,  the  anplification  can  be  condensed  in  a few  high-gain,  wideband  devices,  e.g.  operational 
amplifiers  or  thick-film  modules.  Figure  10  shows  the  far-off  selectivity  of  the  1 MHz-IF-amplifier  (without  the  preamplifier) 
where  all  spurious  responses  are  suppressed  more  then  60  dB. 

5.  CONCLUSIONS 


The  experimental  results  obtained  with  a high  number  of  filters  prove  that  the  high  quality  of  SAW  filters  developed  in  the 
laboratory  can  be  projected  to  the  fabrication  process.  SAW  filters  are  promising  alternatives  for  phased  array  radar  applica- 
tions. They  improve  not  only  single  receiver  performance  by  realizing  almost  ideally  the  matched  filter  concept  but  also  the 
array  performance  by  the  excellent  reproducibility  of  the  frequency  response  aid  by  the  stdbility  of  their  parameters. 
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RESUME 


L' appl lcat ion  de  dispositifs  A transfert  de  charge  A la  lecture  et  au  traitement 
du  signal  d'une  mosatque  de  detecteurs  infrarouge  permet  d'envisager  une  nouvelle  gene- 
Mt Ion  de  senseurs  dans  laquelle  le  nombre  d'eiements  sensibles  serait  considGrablement 
accru . 

Parml  les  differentes  approches  possibles  nous  avons  choisl  1 'etude  des  disposi- 
tifs mono  1 1 th iques  realises  sur  un  semiconducteur  A faible  "gap"  : le  tellurure  de  mer- 
cure  cadmium  dont  1’lntOrft  pour  la  detection  infrarouge  dans  les  bandes  3-5  et  8-15  um 
est  blen  connu. 

La  realisation  do  cet  object  if  ost  conditionn£e  par  certains  choix  dependant  de 
1 'optimisation  entre  les  differentos  contraintes  fixees  par  1 ' ut i 1 isat ion  du  dispositif. 
Ce  sont: 

- la  fenfitro  spectrale 

- le  type  du  materiau  semiconducteur 

- la  temperature  de  fonct ionnement 

- le  mode  d'adressage  et  de  lecture 

- le  traitement  du  signal 

La  premiere  partie  de  cet  expose  sera  consacrfe  A la  modeiisation  de  la  structure 
eiementalre  de  la  matrice  adaptee  A la  lecture  par  transfert  de  charge.  Cet  element  M.I.S 
detecte  le  rayonnement  infrarouge  et  integre  les  charges  creeos. 

Ces  deux  fonctlons  conduisent  A des  limitations  qui  modiflent  la  conception  des 
systOmes  infrarouge.  Nous  indiquerons  A partir  des  resultats  do  cette  modeiisation  les 
performances  prevlslblos  pour  ces  dispositifs. 

Dans  une  seconde  partie,  le  mode  d'adressage  et  de  lecture  d'une  matrice  bidimen- 
slonnelle  sera  aborde.  La  comparaison  entre  Charges  Injection  Devices  et  Charges  Coupled 
Devices  constitue  1 ' un  des  choix  lmportants  dicte  d'une  part  par  la  technologic  et  d’au- 
tre  part  par  les  proprieties  du  materiau. 

Une  discussion  sur  les  choix  possibles  pour  real isor  une  telle  matrice  sera  abor- 
deo  compte  tenu  des  resultats  precedents. 

Nous  decrirons  ensulte  la  solution  retenue  pour  la  realisation  d'une  matrice 
8x8  Clements. 
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I - INTRODUCE'  ION 


L’yvolution  des  performances  demandles  aux  syatdmes  d'imagerle  infrarouge  conduit 
d augmenter  le  nombre  d'yiyments  sensibles  places  dans  le  plan  focal.  Los  technologies 
actuelles  do  barrettes  de  senseurs  infrarouge  nfeessitent  une  connexion  et  un  prCampl!- 
flcateur  par  Moment  sensible.  Cette  contrainte  ne  permot  pas  d'onvlsager  des  structures 
matricielles  dtpassant  une  soixantaine  d'yiyments.  L ' applicat  ion  des  dispositifs  .1 
transfert  do  charges  pour  la  lecture  et  le  traitement  du  signal  issu  d'un  senseur  inlia- 
rouge  permot  la  realisation  de  structures  bidimensionnel les  ,1  grand  nombre  d'yiyments. 

Trois  types  de  structures  sont  possibles: 

- 1 ' utilisation  de  silicium  dopy  permettant  une  detection  ext  r 1 nsAque  .1  basso 
temperature  T < 77°K  dans  1 1 infrarouge,  cette  technique  profitant  de  la 
technologic  bien  connue  dans  le  silicium, 

- 1 ' uti  1 isation  do  structure  hybride  od  la  detection  est  r6alis6e  dans  un  maty- 
riau  d faible  largeur  de  bande  lnterdite  et  le  traitement  dans  le  silicium.  On 
profite  alors  de  l'expfirience  technologique  acquise  sur  les  deux  mat&naux,  la 
difficulty  rAsidant  dans  1 ' hybridat ion, 

- 1 ' utilisation  du  matfriau  d faible  largeur  de  bande  lnterdite  pour  rfaliser 
toutes  les  fonctions.  La  difficulty  reside  dans  la  nouvoauty  technique  et  dans 
la  complexity  des  paramdtres  technologiques  S cont  roller. 

Parmi  les  difftrents  matfriaux  utilisables  dans  l'infrarouge  proche  et  lointain 
nous  avons  choisi  le  tellururo  de  cadmium  mercuro  font  1'intyrSt  est  bien  connu  pout- 
la  d6tection  infrarouge  et  pour  l'expyrience  acquise  depuis  de  nombreuses  annf>es  par  la 
SAT  sur  ce  matyriau. 

La  ryalisation  de  cot  objectif  est  conditionnye  par  certains  choix  qul  ont  nyces- 
sity  une  modylisation  physique  de  la  structure  yiymentaire,  et , des  processus  de  trans- 
fert compte  tenu  des  contraintes  propres  d l'infrarouge. 


1 1 - MODEL I SAT ION  DCS  STRUCTURES  MIS  SUR  Cd  Hg  To 


II. 1  - Principe  de  dytoctlon  par  MIS 

Un  senseur  MIS  est  constituy  par  un  semiconducteur  reconvert  d'une  mince  couche 
isolante  sur  laquello  est  dyposye  une  yiectrode  transparente . L' appl icat ion  d'un  poten- 
tiel  sur  1 'yiectrode  permet  de  cryer  une  zone  de  dypeuplement  profonde  qui  collectera 
les  charges  gynyryes  par  1' absorption  do  photons  dans  le  semiconducteur  (1). 

Ce  processus  pout  se  poursuivre  tant  que  le  rygime  permanent  correspondant  d la 
tension  appliquye  n'est  pas  atteint . 

A l'issu  d'un  temps  d' intygration,  ces  charges  seront  lues  soit  par  injection 
dans  le  substrat  soit  par  transfert  sous  une  yiectrode  voisine. 


II. 2  - Etude  du  rygime  transltolrc 

Le  rygime  transitoire  est  gouverny  par  deux  courants  principaux,  l'un  liy  d 1 ' ab- 
sorption des  photons  incidents,  1 'autre  d la  gynyrat ion  thermique  des  porteurs  dans  la 
zone  dypeupiye  (Figure  1).  Cette  gynyration  thermique  est  caractyrisye  par  la  durye  de 
vie  en  surface  des  porteurs  minoritaires,  par  la  profondeur  de  la  zone  de  dypeuplement 
et  par  la  concentration  intrinsCque  du  mat6riau.  On  peut  lui  associer  un  temps  de  rela- 
xation dans  1 'obscurity  Tr  qui  doit  St  re  rendu  maximal  pour  minimiser  1' importance  do 
la  gynyration  thermique  devant  la  gynyration  photonique. 


11.3  - Limitation  de  la  quantity  do  charges  lntygrable 

La  quantity  maximum  de  charges  que  l'on  peut  intygrer  dans  la  structure  MIS  est 
dlrectement  liye  d la  profondeur  de  la  zone  dypeupiye.  En  gynyral  cette  profondeur  est 
llmltye  par  le  champ  de  claquage  de  1 ' isolant . Dans  le  cas  do  matyriaux  d faible  largeur 
de  bande  lnterdite  utilisys  pour  la  dy taction  infrarouge,  un  mycanisme  de  gynyrat ion  sup 
piymentaire  produit  par  un  effet  tunnel  bande  d bande  (2)  (3)  limito  la  quantity  maximale 

de  charges  d'origine  photonique  que  l'on  pout  intygrer. 

11.4  - Rysultats  de  la  mody  1 lsat  ion , 1’aramtM  res  , NfflOX 

Le  tellurure  de  cadmium  mercuro  est  un  alliage  dont  la  composition  dytermine  d une 
tempyraturu  donnyo  une  longueur  d'ondo  do  coupure.  On  peut  done  d l'alde  d'un  modi'  1 e 
dycrlvant  les  caractyrlst iquos  de  ce  mutyrlau,  ytudier  le  comportemont  d’une  structure 
MIS  pour  diffyrentes  longueurs  d’onde  de  coupure  et  diffyrentes  t empS rat  urea . Un  para- 
mAtre  suppiymentaire,  la  Vitesse  de  recombinaison  on  surface  3,  a yt y introduit  pout 
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tradulre  la  quality  do  l'interface  lsolant  semiconducteur . 

Sur  la  figure  2,  nous  prCsentons  Involution  du  temps  de  relaxation  thermique  Tp 
en  fonction  de  la  longueur  d'onde  de  coupure  dans  le  cas  oil  l'isolant  est  du  mo- 

noxyde  de  silicium.  Par  exemple  pour  une  longueur  d'onde  de  coupure  de  10  >uii  le  temps 
de  relaxation  Tr  ne  d^passe  pas  0,5  ms  et  peut  descendre  au-dessous  de  0,1  ms  et  mOme 
jusqu'A  10  )is  en  pratique. 

L' augmentation  du  temps  de  relaxation  et  de  la  quantity  de  charges  maximales  sto- 
ckables  peut  Stre  obtenue  par  deux  moyens  (voir  figure  3): 

- 1 ' uti 1 isat ion  de  di£ lectriques  a permittivity  yiev£e  tel  qu'un  oxyde  anodique 
ou  l'oxyde  de  titane 

- la  diminution  du  dopage  du  matyriau  qui  freine  1* influence  de  l'effet  tunnel. 

Ce  rysultat  est  directement  dyduit  de  la  valeur  maximale  du  potentiel  de  sur- 
face au-delA  duquel  le  courant  tunnel  devient  supyrieur  au  courant  de  gynyra- 
tion  thermique  dans  la  zone  dypeupiye.  La  figure  4 montre  cet  effet  pour  deux 
longueurs  d'ondes  5 et  10  ym. 


II. 5 - Modyilsatlon  du  transfert  de  charges 

Le  processus  de  transfert  de  charges  s'effectue  par  1 1 intermydiaire  de  trois  my- 
canismes  principaux  (4): 

- la  diffusion  thermique 

- le  champ  auto  Induit 

- le  champ  d'effet  de  bords 

Diffyrentes  approches  de  ce  probiyme,  gynyralement  pour  yvaluer  l'efficacity  de 
transfert,  ont  yty  prysentyes  par  de  nombreux  auteurs.  La  mythode  que  nous  avons  utili- 
sye  consiste  en  l'emploi  d'un  modMe  simplifiy  permettant,  compte  tenu  du  temps  d'inty- 
gration  limity,  de  dyfinir  une  gyomytrie  de  structure  yiymentaire  compatible  avec  la 
ryalisation  de  matrices  3 grand  nombre  d'yiyments. 

Le  temps  de  transfert  peut  etre  caractyrisy  par  une  constante  de  temps  de  la  for-- 
me  1.2/  2 Dp  oil  L est  la  longueur  de  l'yiectrode  et  Dp  le  coefficient  de 

diffusion  des  porteurs  transfyrys. 

En  pratique,  pour  transfyrer  90*  de  la  charge  en  1 )is , la  longueur  de  l'yiectrode 
dolt  Stre  de  1 'ordre  de  20  Jim. 


Ill  - LIM1TES  TECHNO LOG IQUES 

Les  limitations  technologiques  proviennent  des  probldmes  liys: 

- Au  matyriau  lui-meme,  qui  est  un  composy  ternaire 

- Aux  isolants,  qui  doivent  etre  transparents  dans  1 'infrarouge  et  prysenter  A 
l'interface  avec  le  semiconducteur  une  faible  density  de  plages . 


111.1  - Le  Matyriau 

II  doit  etre  de  bonne  quality  cristalline,  homogyne  en  composition  et  faiblement 

dopy . 

A l'heure  actuelle  des  plaquettes  monocristal lines  de  18  mm  de  diamytre  prysentent 
une  homogynyi'ty  en  longueur  d'onde  de  coupure  de  + 0,5  urn  pour  Ac  = 10  urn  ( 6 ) . Le 

dopage  de  type  N est  obtenu  par  compensation  de  l'ycart  A la  stoechiomytrie  d'un  ma- 
tyriau de  type  P.  Les  concentrations  atteintes  sont  voisines  de  10'5  cm"3. 

Notons  que  pour  les  faibles  largeurs  de  bande  interdite  la  limite  infyrieure  des 
dopages  ryalisables  est  de  1 'ordre  de  10^  at  cm"  3 puisque  la  concentration  intrinsy- 
que  est  elle-mSme  supyrieure  A 10*2  cm"3  ( — 14  jim)  . 

111. 2 - Les  Isolants 

II  exists  deux  catygories  d'isolants,  les  oxydes  natifs  qui  se  dyveloppent  au  dytri- 
trlment  du  substrat,  et  les  diy lectriques  rapportys. 

Dans  le  premier  groupe  on  peut  noter  l'oxyde  thermique  di f f ici lement  controlable  du 
fait  de  la  dycompos i t ion  du  substrat  A faible  tempyrature  (100°C)  et  l'oxyde  anodique  qui 
prysente  une  bonne  adhyrence,  une  bonne  reproductibil ity , une  transmission  sat isfalsante 
mSme  au-delA  de  10  jjm  et  un  champ  de  claquago  de  1 'ordre  de  lO*’  V cm"  1 . 

Les  isolants  rapportys  sont  en  grand  nombre.  Ce  sont  princlpalement  le  SiO,  le 
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SlOi  pour  les  faibles  longueurs  d'onde  de  coupuro  (3-5  Jim)  , l'AljOS  et  le  TiOj  pour 
toute  la  9 ammo  des  longueurs  d'onde.  Ils  aont  deposes  en  phase  vapour,  ou  a l'aide  d 1 un 
canon  5 Electrons,  le  substrat  devant  Stre  maintenu  A une  temperature  inferieure  A 80“C. 

La  difficulty  du  choix  de  l'lsolant  reside  dans  le  fait  qu'aucun  d'entre  eux  n'est 
aujourd'hui,  parfattement  sat isfaisant . En  effet  los  oxydes  natifs  eonduisent  A des  in- 
terfaces graduellus  dont  les  proprtetes  eiectriques,  et  notamment  la  Vitesse  de  recDm- 
blnaison  en  surface,  doivent  etre  ameiiorees.  Les  oxydes  rapportes  induisent  un  pheno- 
mdne  d'hysteresis  sur  les  caracterist iques  capacity-tension  de  la  structure  MIS. 


IV  - DETECTION  1NEKAKOUCE  A L'AIDE  DE  SENSEUKS  MIS 


IV.  I 


Influence  du  flux  de  photons  ambiants  sur  le  temps  de  relaxation  de  la  capa- 
cite  MIS 


Les  photons  absorbes  par  le  semiconducteur  creent  un  courant  de  generation  qui 
vient  s'ajouter  aux  courants  d'obscurlte  precedommont  dfcrits  pour  participer  A la  char- 
ge de  la  couche  d' inversion. 


( A 1 , A 2 , Y ) 


En  presence  d'un  flux  de  photons  (ug  _ 

iant  de  la  largeur  spectralej  Al  , A 2 ) * du  filtre  froid  place  devant, le  sen- 

seur,  et , de  l'angle  solide  de  vue  Q , le  temps  de  relaxation  f. 


de pen- 
le  sen- 
est  donne  ap- 


X, , X2 ) 


'B 


Tr 


N max 


T}  reprfsente  le  rendement  quantique. 

Dans  un  systemo  qui  utilisera  ce  type  de  senseur,  on  devra  choisir  le  temps  d' in- 


tegration Ti  inferieur  A T 
fond  ambiant. 


B 


de  telle  sorte  que  le  senseur  ne  soit  pas  sature  par  le 


Si  la  quantity  de  charges  maximale  Nmax  que  peut  recevoir  le  senseur  est  sensi- 
blement  constante  en  fonction  do  la  largeur  de  bande  interdite  du  materiau  semiconduc- 
teur, il  n'en  est  pas  de  memo  du  flux  de  photons  ambiant  qui  crolt  fortement  avec  la 
longueur  d'onde. 

On  peut  d’ores  ot  d6jA  prfvoir  une  decroissance  importante  du  temps  d ' integral  ion 
des  senseurs  MIS  lorsque  la  longueur  d'onde  du  rayonnement  A detecter  crolt. 

IV. 2 - Definition  d'un  facteur  de  mfrrite 

Pour  rendre  compte  de  la  sensibility  du  senseur  MIS  en  presence  des  contraintes 
apportees  par  le  flux  de  photons  ambiant  dans  une  utilisation  en  imagerie  thermique 
nous  definirons  un  facteur  de  merite  M*  (7)  par: 


M?  <Q„>  = 
X,X2 


( 5 .N  ) dX 


5 T 


N(X)  etant  la  radiance  spectrale  du  corps  noir  A la  temperature  To 
D'(Q»)  etant  la  detectivity  du  senseur 


T etant  la  temperature 


M 


* (Q  v ) — -1  u.»/2  - 1 .‘I 


X,X2' 


s' exprime  en  cm 


Hz 


Cette  expression  permet  de  calculer  le  contraste  de  temperature  minimum  detec- 
table (ou  equivalent  au  bruit)  par: 


CTEB  = 


{ Ad  Af  ) 


V2 


Ac  fit 


^ MX,  A <0v> 
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Avec: 

Ad  surface  sensible  du  d6tecteur 
Ac  surface  de  collection  de  l'optique 
angle  solide  de  resolution  du  systfime 
Af  bande  passante  du  systeme 

L'interSt  de  ce  facteur  de  merite  reside  dans  le  fait  qu’il  decrit  simultanement 
la  sensibilite  du  rfcepteur  et  1 'amplitude  du  signal  en  fonction  de  la  longueur  d'onde. 


IV. J - Coroparaison  entre  les  deux  bandes  spectrales 

Nous  avons  tout  d'abors  calcuie  le  facteur  de  merite  d'un  dStecteur  ideal  dont  la 
senslbilite  est  limitee  par  le  fond  ambiant  en  prenant  deux  cas  extremes,  large  bande 
spectrale  et  angle  de  vue  de  65°,  puis  bande  spectrale  etroite  (0,3  urn)  et  angle  de  vue 
de  15°.  Ces  deux  courbes  sont  representees  figures  5 et  6.  On  observe  que  le  facteur  de 
merlte  M*  en  large  bande  est  superieur  d'un  ordre  de  grandeur  dans  la  gamme  10  Jim,  par 
rapport  3 la  gamine  5 Jim.  En  bande  etroite  la  difference  n'est  plus  que  de  la  moitie  d'un 
ordre  de  grandeur. 

Nous  avons  ensuite  calcuie  le  temps  d' integration  maximum  du  signal  et  la  degrada- 
tion du  facteur  de  merite  dans  ces  deux  hypotheses.  En  comparant  le  temps  d ' integration 
au  temps  de  transfert  (1  Jis  environ)  nous  deduisons  la  dimension  de  la  matrice. 

En  large  bande,  la  figure  7 montre  que  le  temps  d ' integration  du  signal  dans  la 
bande  5 )im  est  suffisant  pour  la  lecture  d'une  petite  matrice  (une  centaine  d'eiements) 
et  que  le  facteur  de  merite  est  peu  degrade  de  sorte  qu'il  sera  possible  d'obtenir  une 
detection  limitee  par  le  fond  ambiant. 

Par  contre,  dans  la  bande  8-14  pm  les  temps  d ' integration  sont  nettement  plus 
faibles  et  du  meme  ordre  de  grandeur  que  le  temps  de  transfert,  ce  qui  rend  impossible 
la  lecture  d'une  matrice. 

En  bande  etroite.  la  figure  8 montre  que  dans  la  bande  3-5  Jim  le  temps  d ' integration 
est  tel  que  l'on  pourra  lire  des  matrices  3 trds  grand  nombre  d'eiements  (10  000  points 
et  plus),  la  sensibilite  etant  encore  voisine  de  la  limite  theorique. 

Dans  la  bande  8-14  pm,  les  facteurs  de  merite  sont  tres  degrades  tandis  que  le 
temps  d ' integration  ne  croft  pas  suffisamment  pour  permettre  la  lecture  de  matrices  im- 
portantes  (une  centaine  d'eiements  au  maximum).  Pour  accroftre  le  temps  d ’ integration 
et  ameiiorer  la  sensibilite  il  faudrait  abaisser  la  temperature  de  fonctionnement  aux 
environs  de  50°K. 


IV. 4 - Mode  de  lecture  CCD  ou  CID 

Dans  une  matrice  3 lecture  CCD  (8)  les  charges  sont  transferees  sequentiel lement 
jusqu'3  1 'amplificateur  de  lecture  situe  au  bord  de  la  matrice  (figure  9).  Dans  la  struc- 
ture CID  (figure  10)  les  charges  sont  injectees  3 travers  le  substrat  lorsque  l'on  se- 
lectionne  l'eiement  pour  la  lecture  (9)  (10).  'In  element  est  constitue  par  deux  electro- 

des, l'une  connect6e  3 une  rangee  d'adressage,  1 'autre  3 une  colonne  d’adressage.  On 
obtient  l'injection  de  cet  element  en  seiectionnant  la  ligne  et  la  colonne.  Lorsque  l'une 
ou  1 'autre  des  deux  electrodes  est  seiectionnee  les  charges  sont  transferees  sous  l'e- 
lectrode  non  seiectionnee. 

Les  differences  essentielles  entre  ces  deux  modes  de  lecture  sont: 

La  lecture  CID  se  satisfait  d'une  efficacite  de  transfert  molns  bonne  que  la  lec- 
ture CCD,  ceci  etant  particul ierement  interessant  pour  des  materiaux  semiconducteurs , 
tels  que  le  tellurure  de  mercure  cadmium  dont  la  technologie  de  surface  est  moins  bien 
connue  que  celle  du  silicium. 

L ' architecture  d'une  structure  CID  permet  une  excellente  protection  contre  1'6- 
blouissement  dans  les  deux  directions. 

La  technologie  CID  ne  necessite  pas  de  diffusion  ou  d' implantation  ce  qui,  compte 
tenu  du  fait  que  le  nombre  de  couches  n'est  pas  superieur  3 celui  d'un  CCD,  la  rend  plus 
facile. 

Le  rapport  surface  sensible  sur  surface  totale  de  la  matrice  est  plus  important 
en  CID  qu'en  CCD. 

En  contrepartie  de  ces  avantages  la  structure  CID  necessite  l'emploi  de  nuilti- 
plexeurs  pour  seiectionner  les  rangees  et  les  colonnes.  Ces  circuits  p£ riphPriques  de- 
vant  6tre  places  au  voisinage  de  la  matrice  pour  limiter  1' influence  nCfaste  des  capa- 
city parasites.  De  plus  la  lecture  CID  ne  se  prete  pas  facilement  au  traitement  par 
integration  avec  deiai,  qui  se  realise  aisement  dans  le  cas  d'une  lecture  CCD. 


V - CONCLUSIONS:  DEFINITION  D'UNE  MAT RICK  8x8 


A partir  des  resultats  de  cette  etude  nous  pouvons  effectuer  des  choix  pour  la 
realisation  d'une  matrice  8x8  elements  (Figure  11). 

D'une  part  la  lecture  CID  nous  semble  preferable  A la  lecture  CCD.  D'autre  part 
compte  tenu  des  temps  de  transfert  et  des  temps  d 1 integrat ion  dans  la  gamme  3-5  um  il 
est  possible  de  realiser  une  matrice  8x8  avec  un  seul  circuit  de  lecture,  en  limi- 
tant  le  flux  des  photons  pour  obtenir  un  temps  d ' integrat  ion  de  1 'ordre  de  500  ps . La 
longueur  de  1 'electrode  peut  atteindre  50  pm.  La  largeur  de  l'eiectrode  et  l'espaeement 
seront  definis  par  la  resolution  optique  desiree. 

Dans  la  bande  8-14  pm,  la  matrice  est  decomposee  en  4 matrices  de  4 x 4 associees 
chacune  A un  circuit  de  lecture.  On  cherchera,  par  reduction  du  fond  ambiant  A obtenir 
un  temps  d 1 integration  de  l'ordre  d'une  trentaine  de  microsecondes  permettant  de  lire 
chacune  des  sous-matr ices . La  longueur  des  elements  etant  de  l'ordre  de  30  pm  pour  que 
le  transfert  s'effectue  en  moins  d'une  microseconde . Les  quatre  circuits  de  lectures 
paralieies  sont  multiplexes  A la  sortie  pour  fournir  le  signal  correspondant  aux  64  ele- 
ments . 
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llaie  you  characterised  the  surface  recombination  velocity  for  an>  of  the  insulators  you  mentioned 


Keponse  d‘  Auteur 

Nous  navoiis  p.is  .ichiellemenl  fait  de  mesures  Ires  precises  stir  les  messes  de  recombin.iison  en  surface  de  ces 
dispositils  l es  settles  mesures  sent  des  mesures  indirecles  .i  parlir  de  cedes  que  nous  faisons  sur  le  temps  de 
relaxation  de  la  structure  .i  I'obscunte  Nous  deduisons  la  \ itesse  de  recombinaison  en  surface  de  la  mesure  du  temps 
de  relaxation  de  la  caracteristique  Capacite  en  fonction  du  temps 


Couche  d inversion 


Zone  depeuplee 


Isolant 


Senuconducteur 
T ype  N 


X 


(a)  Coupe  d une  structure  M.  I.  S. 


J j.  : courant  tunnel 


Jq  : courant  de  generation  themiique 
Jp  : courant  de  diffusion 
Jp  courant  de  generation  photonique 


(a)  Diagramme  d'energie 


Figure  1 : Principe  d'une  structure  M.I.S 
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1RCCI)  lMAOlNU  BKNBORD:  A REVIEW  OK  DEVICE  OPTIOMS 
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USA 

APS  TRACT 

In  this  p^ipter  a review  is  presented  of  the  many  device  options  presently  being  investigated  for  the 
ievelopment  of  Integrated  infrared  focal  plane  arrays.  With  only  one  or  two  exceptions,  the  approaches 
being  developed  for  this  goal  are  centered  on  the  charge  coupled  device  (CCD)  concept  or  its  close  relative, 
the  charge  injection  device  (C1D).  Monolithic  and  hybrid  1RCCD  and  1RCID  device  options  are  classified, 
discussed  and  compared. 

1.  INTRODUCTION 

me  invention  of  charge -coupled  devices  (CCDs) (BOY UK,  1970)  has  brought  a new  perspective  to  the  develop- 
ment of  infrared  optical  imaging  and  detection  systems.  It  impacts  both  the  need  for  ever  increasing 
detectivity  and  spatial  resolution,  and  the  wider  use  and  deployment  of  such  systems  through  lower  unit 
cost,  component  miniaturization,  and  relaxed  operating  requirements. 

me  charge-coupling  concept  is  based  upon  the  formation  and  transfer  of  charge  packets  in  a re  pet  it  ive 
metal-insulator-semiconductor  (MIS)  structure.  When  charge  packets  are  photogene rated  in  the  substrate  and 
then  electronically  manipulated  to  a single  output,  the  CCD  operates  as  the  solid-state,  self-scanned 
equivalent  of  a vidicon  tube.  When  the  charge  packets  are  introduced  electronically,  the  CCD  operates  as 
a sequential  shift  register  in  which  the  time  delay  can  be  electronically  varied  by  changing  the  clock 
frequency.  The  simpilicity  of  the  basic  CCD  combined  with  the  fact  that  it  can  be  ope ra t ed  as  an  imager 
and  or  shift  register  lias  resulted  in  a remarkably  versatile  device. 

2.  IRC CD  OPERATION  AND  DEVICE  OPTIONS 

The  application  of  CCDs  to  the  development,  ofanew  generation  of  infrared  imaging  sensors  is  receiving 
considerable  support  and  has  met  with  significant  successes.  In  previous  1RCCP  reviews  (STECK1.,  107'.«. 

197b)  undertaken  when  the  field  was  quite  young,  we  suggested  tiiat  the  many  different  device  approaches  to 
the  goal  of  integrating  1R  detector  arrays  with  CCDs  can  be  grouped  into  two  major  classes:  monolithic 
and  hybrid  devices.  Today,  evaluating  a more  mature  field  we  feel  that,  this  division  is  still  essentially 
correct. 

In  general,  monolithic  IRCCDs  have  in  common  the  central  premise  that  the  closest-  and  most  efficient  inte- 
gration would  be  achieved  by  fabricating  both  the  photosensitive  section  (i.e.,  the  1R  array'  and  tin  read- 
out section  within  one  structure.  By  contrast,  the  hybrid  1RCCD  category  consists  of  devices  in  which  t He 
major  time t ions  occur  in  distinct  but  integratable  components  and  materials.  lhotodetect ion  and  charge 
generation  in  a hybrid  device  can  take  plan  in  any  one  of  various  suitable  1R  photodetectors.  ‘Hie  signal 
read-out  takes  place  in  a standard  silicon  CCD  or  possibly  an  PET  or  diode  X-Y  address  matrix. 

To  the  monolithic  and  hybrid  IRCCDs  one  must  now  add  a third  category,  namely  the  infrared  charge  injection 
device  (1RCID).  In  the  C1D,  the  p'hotogeneration  and  part,  of  the  charge  handling  functions  are  perforated  in 
a monolithic  array,  while  the  actual  read-out  is  performed  by  one  or  two  silicon  shift  registers.  The  C1D 
approach  is  further  discussed  in  Section  5. 

Figure  1 covers  the  various  device  options  which  fall  in  the  three  major  categories  outlined  above.  In  the 
monolithic  IRCCD  category  are  included: 

(a)  A narrow  band  gap  semiconductor  substrate  and  conventional  CCD  structure. 

(b)  A narrow  band  gap  semiconductor-silicon  heterojunction  and  a conventional  CCD  structure  fabricated  on 

the  Si  substrate. 

(c)  A metal-silicon  Schottky  barrier  structure  with  a conventional  CCD  structure  fabricated  on  the  Si 
substrate. 

(d)  An  extrinsic  Si  substrate  on  whicli  an  accumulation  mode  CCD  is  fabricated. 

(e)  An  extrinsic  Si  substrate  on  which  an  epitaxial  layer  is  grown  and  on  which  a conventional  CCD  is 

fabricated. 

In  the  hybrid  IRCCD  category  are  those  devices  which  combine  a Si  CCD  read-out  with  the  following  types  of 
detectors: 

(a)  Biotoconductive  detectors. 

(b)  Ihotovoltaic  detectors. 

(c)  fyroelectric  detectors. 

Finally  in  the  last  category  fall  those  devices  which  use  the  following  substrates  for  t lie  fabrication  of 
a charge  Injection  Device  Array: 

(a)  A narrow  band  gap  semiconductor  substrate. 

(b)  An  extrinsic  silicon  substrate. 

A major  difference  between  the  operation  of  CCDs  in  the  visible  and  in  the  infrared  is  t tie  large  background 
flux  rate  q in  the  infrared  (Fig.  2).  This  results  in  increasingly  shorter  background  charge-up  or 
saturation  time  with  increasing  wavelength  of  operation  (from  about  1 sec  for  the  2.0  to  2.B  pm  window  to 
about  10  pseo  for  the  8 to  14  ,jn  region).  Thus,  one  limitation  of  practical  IRCCD  devices  is  the  length  of 
exposure  time. 
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A no  tiler  important  consideration,  especially  for  1R  thermal  imaging  applications,  is  t lie  small  contras' 
between  the  idiot  on  flux  generated  by  an  Incremental  change  in  background  temperature  and  t lie*  total  photon 
flux,  for  0.1°K  change  (typical  for  IK  imaging)  of  the  average  iOO°K  background,  the  contrast  is  on  the 
order  of  l.Ot  in  the  . ' . 0 to  2.S  ,an  window  and  less  than  O.lt  in  the  ('  to  ill  ,ini  region  (Kig.  3'*  Hie 
presence  of  such  low  contrasts  points'to  anotlier  practical  limitation:  tiie  uniformity  of  IK  ma'erial 
properties.  Nomuiiforaity  in  tlie  responsivity  of  IK  detectors,  of  the  same  order  or  higher  than  t lie  scene 
contrast,  seriously  degrades  the  minimum  resolvable  temperature  and  results  in  severe  fixed  pattern  noise. 

A number  of  1RCCD  focal  plane  organizations  have  been  explored  (Kig.  4).  In  the  serial  scan  approach,  a 
linear  array  of  detectors  is  raster  scanned  across  the  scene,  the  direction  being  parallel  to  t lie  array 
(Kig.  4a).  by  processing  the  outputs  of  the  detectors  through  a tinie-delay-and-integratlon  (TI'l ' 
operation,  the  components  of  the  signals  corresponding  to  the  same  resolution  element  are  summed  linearly. 

With  a CCD,  TD1  operation  is  achieved  by  clocking  the  device  at  a rate  corresponding  to t lie  image  velocity 
across  the  detector  array  (Kig.  V ) . because  the  noise  contribution  of  each  detector  is  independent  and 
thus  uncorrelated,  the  total  noise  is  obtained  by  an  rms  summation.  For  an  array  of  m detectors,  the  TPI 
operation  could,  therefore,  result  in  a potential  maximum  improvement  of,”  tin  the  deteetor-noise-1 imited 
case)  in  the  sigtial-to-noise  ragio  (SNR)  of  the  entire  array  over  that  of  an  individual  detector.  Hie 
upper  limit,  of  m and,  therefore,  of  the  maximum  achievable  SNR  improvement  is  set  by  the  total  detector 
array  signal  versus  the  CCD  charge  capacity.  II le  operation  of  the  entire  array  appears  at  the  CCD  output 
essentially  as  one  detector,  This  results  in  reduced  fixed-pa’ t ern  noise,  lowered  detector  response 
uniformity  requirements,  and  built-in  redundancy.  These  features,  together  witti  the  potential  improve- 
ment in  SNR,  help  circumvent  the  problems  posed  by  the  high  background  and  low  contrast  present  in  thermal 
imaging  systems  at  1R  wavelengths. 

In  the  parallel  scan  KLIK  a vertical  linear  array  of  detectors  is  slowly  scanned  across  t lie  scene,  the  scan 
direction  being  perpendicular  to  the  array  (Kig.  4b).  In  this  case,  an  input-tapped  CCD  shift -register  is 
used  as  a multiplexer  which  reads  out  the  information  line  by  line,  lie  serial  -para  1 lei  KLIR  consists  of 
a two-dimensional  array  which  is  scanned  across  the  scene.  TD1  is  performed  in  each  channel  along  the 
scar,  direction  and  all  channels  are  read  out  by  a multiplexer,  ’the  "staring"  two-dimensional  array  fully 
covering  the  entire  scene  field  of  view  (Kig.  4c)  requires  no  scanning  and  is  the  eventual  goal  of  1RCCD 
focal  planes. 

3.  MONOLITHIC  IRCCDs 

The  various  monolithic  1RCCD  options  have  in  common  the  basic  feature  of  combining  both  the  detection  and 
read-out  in  one  structure.  On  the  other  hand,  the  feature  which  distinguishes  one  monolithic  approach 
from  another  is  tile  basic  pliotodetectlon  mechanism. 

The  two  basic  carrier  photogeneration  mechanisms  are  intrinsic  generation  and  impurity  ionization.  These 
two  mechanisms  are  illustrated  in  Kig.  b.  In  the  intrinsic  absorption  case,  photons  with  energy  equal  to 
or  greater  than  the  band  gap  are  absorbed  and  an  electron-hole  pair  is  generated.  In  the  extrinsic  absorp- 
tion case,  photons  with  energy  equal  to  or  greater  than  the  ionization  energy  of  a given  impurity  are 
absorbed  resulting  in  one  mobile  carrier  and  a fixed  ion.  In  both  cases,  the  photocarriers  are  collected 
by  a built-in  or  applied  electric  field. 

Investigations  of  monolithic  narrow  gap  semiconductor  IRCCDs  have  been  reported  for  a broad  range  of 
materials,  Kig.  7.  Kor  3*5  um  wavelength  operation  tile  binary  compounds  PI'S,  PbSe,  It'Te  and  Inf  b are 
presently  under  investigation.  In  addition,  the  ternary  alloys  InAsSb  and  HgCdTe  are  also  being  considered 
due  to  their  ability  to  closely  match  a desired  spectral  response.  In  the  far  infrared,  a:  t'-ll'  (lm, 
ternary  alloys  of  HgCdTe  and  DbCnTe  can  also  be  considered.  However,  due  to  the  material  problems  (e.g. . dark 
current,  nonuniformity,  etc.)  the  present  emphasis  is  on  the  3-5  um  band. 


The  choice  of  developing  a particular  monolithic  narrow-gap  semiconductor  1RCCD  basically  depends  on  the 
state-of-art  of  the  particular  semiconductor.  However,  it  is  important  to  highlight  which  material 
properties  of  the  semiconductor  affect  various  device  characteristics,  in  Kig.  t\  the  interaction  between 
material  and  operation  parameters  and  device  charcteristics  is  elaborated.  The  five  basic  device  perfor- 
mance criteria  chosen  are: 

( 1 ) s torage  t ime 
( ) transfer  time 

(3)  quantum  efficiency 

( 4 ) dynami c range 

(5)  cross-talk 

A sixth  important  device  criterion,  noise,  was  not  included  since  it  depends  as  much  on  device  design  as  on 
materisl  characteristics. 

Ihe  device  storage  time  (RTBX’KL,  1975a)  is  probably  the  eharacterist  ic  which  is  dependent  on  most  material 
and  operational  parameters,  most  prominently  on  the  minority  carrier  lifetime,  the  carrier  concent  rat  ion, 
the  insulator  dielectric  constant,  the  device  temperature,  the  photon  flux  and  the  gate  voltage,  similarly, 
the  transfer  time  or  the  transfer  efficiency  of  the  device  is  dependent  on  a sizable  number  of  material  and 
operational  parameters:  the  inversion-region  mobility,  the  surface-state  density,  tiie  temperature,  the  gate 
voltage,  the  gate  length,  etc.  On  the  other  hand,  the  quantum  efficiency  of  the  device  is  basically  only 
a function  of  the  semiconductor  absorption  coefficient  and  the  volume  from  which  photogenerated  carriers 
can  be  collected.  The  dynamic  range  of  the  device  is  given  by  the  ratio  of  the  maximum  number  of  carriers 
which  can  be  stored  in  a cell  to  the  number  of  noise  carriers  in  that  cell.  The  upper  limit  of  the  dynamic 
range  is  a timet  ion  of  the  capacity  of  the  cell  and,  therefore,  depends  on  the  dielectric  constant  of  the 
insulator  and  the  applied  gate  voltage.  Kinally,  the  last  device  parameter,  tiie  cross-talk,  is  somewhat 
more  complex  in  its  dependence  on  various  parameters  than  Kig.  t'  Indicates.  However,  optical  cross-talk  is 


basically  a function  of  the  number  of  photocarriers  collected  in  pixels  adjacent  to  the  one  on  which  the 
radiation  is  incident.  therefore,  cross- talk  is  very  dependent  on  the  absorption  coefficient  and  on  ‘he 
si.'e  of  the  pixel. 

A major  difficulty  in  implementing  the  monolithic  narrow-gap  semiconductor  IRCCD  is  the  passivation  of  the 
semiconductor-insulator  interface.  As  opposed  to  silicon,  most  of  the  narrow-gap  materials  do  not  possess 
a native  oxide  which  could  result  in  a low  number  of  surface  states.  However,  this  technology  is  presently 
being  developed  for  selected  semiconductors  and  it  is  probable  that  this  obstacle  can  be  overcome.  As  an 
example,  well-behaved  MU*  structures  have  been  fabricated  (KIM,  1975)  on  InSb  using  Pi ON  as  the  insulator. 

Hie  capacitance-voltage  characteristics  of  an  InSb  MIS  device  arc  shown  in  Kig.  9 and  it  can  te  seen  that 
they  follow  classical  behavior. 

Ihe  monolithic  xtrinsie  semiconductor  1RCCD  development  has  to  date  been  concentrated  on  doped  silicon  in 
order  to  take  full  advantage  of  its  well  developed  technology  and  associated  possibilities  of  low-cost 
batch  processing.  Because  of  the  maturity  of  1C  technology,  the  emphasis  in  :’i:X  IRCCD  work  is  on  the 
development  of  large-scale  arrays  using  such  sophisticated  tools  as  computer-aided  design  and  automated 
processing  and  testing.  At  the  same  time,  by  the  use  of  batch  processing  one  can  expect  that  the  eventual 
unit  cost  of  extrinsic  silicon  detectors  will  be  substantially'  reduced. 

Ihe  main  drawback  of  the  Si:X  IRCCD  is  the  low  temperature  of  operation  required  by  Si:X  detectors.  For 
the  6 to  14  ,jn  region  operation,  a temperature  between  IS  and  JO  K Js  generally  required,  while  for  the  3 
to  5 region  the  temperature  range  is  typically  between  40  and  65  K.  Hiis  represents  a serious  problem 
in  certain  applications  and  higher  cooling  system  cost  in  most  applications.  Hie  Si:X  IRCCD  also  inherits 
the  relatively  low  quantum  efficiency  (~5  to  associated  with  the  long  impurity  absorption  length  in 

extrinsic  detectors.  Hie  effect  in  turn,  can  result  in  increased  cross-talk  due  to  repeated  reflection  of 
radiation  within  a detector  array. 

In  Fig.  10  are  shown  the  impurity  ionization  energies  and  corresponding  cut-off  wavelengths  of  extrinsic 
silicon  aid  germanium  photoconductors.  Hie  common  Si  impurities  vary  in  ionization  energy  from  around 
45  meV  for  P and  B to  approximately  ISO  meV  for  In.  As  can  be  seen  the  match  between  the  cut-off  wave- 
length of  these  impurities  and  either  the  >-S  ijn  or  6-14  jjn  window  is  not  as  good  as  it  is  in  the  case  of 
certain  narrow  band  gap  semiconductors.  For  that  reason,  other,  more  exotic  impurities  are  presently 
investigated. 

Since  extrinsic  detectors  are  by  their  very  nature  majority  carrier  devices,  and  CCDs  use  minority  transport, 
the  normal  CCD  structure  is  not  adequate  for  a Si:X  IRCCD.  A number  of  devices  have  been  conceived  and  are 
being  studied  which  resolve  this  incompatibility. 

Hie  majority  carrier  or  accumulation  mode  CCD  (AMCCD)  is  one  approach.  Accumulation -mode  operation  of  an 
MIS  structure  results  when  the  proper  polarity  gate  voltage  induces  the  same  majority  carrier  type  as  in 
the  bulk  of  the  semiconductor.  The  AMCCD  operation  requires  operation  at  a temperature  low  enough  such 
that  thermal  generation  is  negligible.  Hie  transfer  efficiency  of  AMCCDs  (NKLSON,  1974'  has  been  found  to 
be  around  0.9  at  best  which  is  two  orders  of  magnitude  less  efficient  than  inversion-mode  devices  operated 
(STFOKI,  1975b)  at  the  same  temperature. 

A second  approach  is  to  physically  separate  the  photosensitive  area  from  the  CCD  register  (Fig.  11'  and  to 
manipulate  the  signal  such  that  the  right  polarity  charge  is  introduced  into  the  CCD.  This  horizontally 
integrated  approach  lias  substantial  dead  space,  which  is  a drawback  for  two  dimensional  arrays  but  not  for 
line  imagers. 

A third  approach  is  to  vertically  separate  the  photodetection  and  read-out  functions.  Hiis  can  be  achieved 
by  growing  an  epitaxial  layer  of  opposite  type  to  the  substrate  and  then  fabricate  the  CCD  on  this  layer 
(Fig.  1.  ' . In  this  fashion,  when  photogene rated  majority  carriers  from  the  substrate  are  injected  into  the 
epilayer,  (Fig.  12b),  they  represent  minority  carriers  and  can  be  handled  in  the  usual  fashion.  Another 
solution  is  to  invert  the  photocurrent  polarity  before  introducing  it  into  the  CCD  proper  (Fig.  12c'.  Hii s 
buffer  circuit  can  be  designed  and  processed  simultaneously  with  the  CCD,  thus  retaining  the  total  inte- 
grated-ciroui t aspect  of  the  Si:X  IRCCD.  Hie  special  impurities  used  in  Si:X  detectors  (e.g.,  C.a,  Al,  and 
In)  rtjuire  special  processing  techniques  when  combined  with  the  usual  Si  1C  impurities  (e.g.,  P,  As,  and 
B).  Furthermore,  the  special  device  configurations,  such  as  the  growth  of  an  epilayer  and  subsequent  CCD 
fabrication,  represent  additional  processing  compatibility  requirements. 

Another  monolithic  IRCCD  approach  is  based  on  internal  photoemission  from  metal -semi conductor  Schottky 
barrier  arrays  on  a silicon  substrate  (KOHN,  197b).  Hie  photoemission  process  is  shown  in  Fig.  13*  Riotons 
with  ener^  hv  < V.  r arc  absorbed  in  the  metal  resulting  in  the  excitation  of  hot  carriers.  Carriers  with 
energy  larger  than* the  contact  barrier,  and  with  sufficient  momentum  in  that  direction,  are  emitted  into 
the  semiconductor.  With  radiation  incident  on  the  Schottky  barrier  through  the  semiconductor,  the  photo- 
generation process  depends  only  on  the  absorption  in  the  metal  and  emission  over  the  barrier,  resulting  in 
uniform  responsivity.  The  quantum  efficiency  of  the  Schottky  barrier  detector  decreases  with  decreasing 
photon  energy  and  is  quite  small  at  the  1R  wavelengths  of  interest.  For  example,  for  an  Au-p-Si  diode,  a 
quantum  efficiency  of  It  at  j \ja  was  reported  (KOHN,  I07M . However,  the  combined  characteristics  of  high 
uniformity  and  low  responsivity  can  be  potentially  useful  in  large  staring  arrays  where  the  longer  integra- 
tion time  increases  the  detectivity. 

The  last  monolithic  IRCCD  concept  to  be  discussed  is  centered  around  a heterojunction  structure  consisting 
of  a thin  narrow-gap  semiconductor  film  on  a Si  substrate  (STFCKL,  1977'*  This  approach  is  particularly 
suitable  to  a number  of  lead  salt  semiconductors  (e.g.,  FbS,  FbSe,  etc.'  which  can  easily  be  deposited  on 
the  Si  substrate.  At  IR  wavelengths  phot ©generated  carriers  in  the  lead  salt  film  are  injected  into  the 
Si  (Kig.  14)  where  they  are  first  collected  and  then  read-out  by  a CCD  structure. 
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4.  HYBRID  IRCCDs 

Since  the  hybrid  IRCCD  involves  basically  the  coupling  of  two  fairly  well  developed  technologies,  it 
initially  received  more  attention  than  monolithic  IRCCDs. 

Initial  work  or.  hybrid  devices  centered  on  the  serially -scanned  FI.  1 R where  it  was  quickly  realized  (JTECKL, 
197  <p  Erb,  l97j)  that  the  large  1R  background  and  small  temperature  contrast  do  not  represent  insurmountable 
difficult ies.  ’lie  serially -scanned  FL1R  uses  a linear  arra  of  detectors  raster- scanned  across  the  scene, 
the  scan  direction  being  parallel  to  the  array.  Since  each  detector  in  turn  scans  the  entire  field  of 
view,  the  dwell  time  per  resolution  element  is  quite  short  (Fig.  15).  The  amount  of  charge  generated 
during  this  dwell  time  in  even  an  8 to  14  ,jn  IK  detector  by  a $00  K blackbody  is  well  within  the  charge 
handling  -apability  of  a typical  CCD  shift  register. 

ihe  two  basic  methods  for  introducing  IK  signals  from  the  detector  array  into  the  tapped  CCD  shift  register 
are  the  iirect  coupled  input  and  the  buffer  interface  input  (Fig.  ltd).  In  the  direct  coupled  input,  the 
detector  is  connected  either  to  the  input  diffusion  (direct  injection'  or  to  the  input  gate  (gate  modula- 
tion' of  the  ’CD  tap.  In  the  second  method,  the  IK  signal  is  first  processed  through  a buffer  s' age  before 
being  introduced  into  the  CCD* 

In  the  direct  injection  IRC CD  (2TKCKL,  1973)  the  photogene rated  charge  is  directly  introduced  into  the  CCD 
shift  register,  bince  this  is  in  effect  a dc  coupled  system,  only  IK  detectors  which  exhibit  relatively 
small  to  currents  (e.g.,  photovoltaic,  extrinsic  detectors)  can  be  coupled  to  the  CCD  due  to  the  latter's 
limited  charge  handling  capacity. 

Figure  17  illustrates  the  basic  injection  concept  for  a liybrid  1RCCD  consisting  of  a (Fb,Sn)Te  photodiode 
ant  an  n -channel  CCD.  'he  (FV,Sn)Te  IV Te  heterostrueture  is  part ioularly  attractive  for  a hybrid  1RCCD 
array  since  integration  can  be  achieved  in  a relatively  simple  sandwich  structure  with  full  use  of  the 
detector  active  area  and  requiring  no  interconnects.  As  shown  in  the  figure,  the  IK  diode  is  connected  in 
parallel  to  a silicon  diode  which  serves  as  an  input  tap  to  the  CCD.  The  first  MOS  gate,  V,,  serves  to 
reverse  bias  both  diodes.  While  the  charge  accumulates  under  the  storage  gate  V,,  it  is  isHlated  from  the 
CCD  channel  by  the  transfer  gate  V . After  one  read  time,  t , V is  biased  into" inversion  and  the  accumu- 
lated charge  is  transferred  into  trie  CCD  channel.  A critical  parameter  of  the  direct  injection  IRCCD  is  the 
injection  efficiency,  defined  as  the  ratio  of  the  charge  introduced  into  the  CCD  to  the  total  charge 
generated  by  the  detector. 

Hybrid  IRCCDs  using  pyroelectric  detectors  are  also  being  investigated.  Fyroelectric  materials  owe  their 
photodetection  property  to  a temperature  dependent  polarization.  In  the  steady  state,  the  polarization  is 
masked  by  surface  charges  and,  therefore,  the  incident  radiation  must  be  chopped.  This  resul  t s in  ac  coupled 
detection  and  thus  background  subtraction.  Additional  features  of  pyroelectric  detectors  are  inexpensive 
detector  materials  and  room  temperature  operation.  However,  the  sensitivity  of  present  pyroelectric 
detectors  is  considerably  lower  than  that  of  quantum  detectors.  Detection  of  the  thermally  induced  electric 
polarization  of  the  pyroelectric  is  accomplished  by  making  the  pyroelectric  the  dielectric  of  a capacitor. 
The  two  methods  which  we  previously  proposed  (STF.CKL,  1975a)  for  introducing  the  pyroelectric  signal  into 
a CCD  are  probably  still  the  most  attractive:  1'  connecting  the  capacitor  to  an  on-chip  MOSFET  or  2)  fabri- 
cating a pyroelectric  film  between  the  MOSFET  channel  and  the  gate  metal  (viz.,  in  series  with  the  gate'. 
Roth  methods  are  essentially  the  same,  the  latter  requiring  more  sophisticated  processing,  but  resulting  in 
a more  compact  structure. 

5.  CHARGE  INJECTION  DEVICES 

Hie  last  major  IRCCD  category  is  based  on  the  charge  injection  device  (BURKE,  197^'  (CID'  concept.  Hie  C1D 
unit  cell  consists  of  two  overlapping  electrodes.  As  in  the  CCD  photogene rated  minority  carriers  are 
collected  at  the  semiconductor-insulator  interface  in  a potential  well  underneath  the  electrodes.  As  one 
electrode  in  the  cell  is  turned  off  the  stored  charges  accumulate  under  the  second  electrode.  When  both 
electrodes  arc  simultaneously  switched  off,  the  stored  charge  in  the  cell  will  be  injected  into  the  sub- 
strate. The  collected  charge  can  be  sensed  by  integrating  the  substrate  current  or  by  monitoring  the 
voltage  on  the  electrodes. 

A C1D  imager  takes  the  form  of  an  X-Y  matrix  array,  where  each  pixel  is  sequentially  addressed  by  a combina- 
tion of  two  scan  registers  (Fig.  18).  The  charge  in  the  pixels  in  the  row  and  column  not  simultaneously 
addressed  by  both  registers  is  simply  transferred  back  and  forth  between  the  two  electrodes  of  each  pixel. 
Herein  lies  the  advantage  of  the  CID  approach:  since  the  charge  is  simply  moved  back  and  forth  (rather  than 
sequentially  through  the  array  as  it  is  in  the  CCD)  the  transfer  efficiency  and,  therefore,  the  surface 
state  density  does  not  play  a major  role.  A CID  approach  is,  therefore,  very  appealing  for  those  materials 
which  have  surface  state  density  too  large  for  CCD  operation.  A second  attraction  of  the  CID  approach  is 
the  fact  that  the  pixels  can  be  randomly  as  well  as  sequentially  addressed. 

It  should  also,  however,  be  pointed  out  that  a CID  array  is  not  self-scanned  as  an  equivalent  CCD  array 
would  be.  Separate  shift  registers  are  required  to  scan  the  CID  array,  resulting  in  a mechanically  hybrid 
focal  plane. 

The  CID  approach  has  been  very  successfully  applied  (KIM,  1977)  to  InSb.  Arrays  of  12  x 2U  elements  with 
2 x 2 mils*  cells  have  been  fabricated  and  operated,  which  is  indicative  of  the  great  potential  of  this 
approach. 

6.  SUMMARY  AND  CONCLUSIONS 

In  this  paper  a review  of  the  various  IRCCD  device  options  has  been  presented.  Hie  emphasis  in  this  review 
has  been  on  present  or  future  device  techniques  which  could  lead  to  the  large  scale  int-egrat ion  of  infrared 
sensors  and  not  on  the  performance  of  present  IRCCDs.  Consequently,  only  a brief  and  qualitative  summary 
of  IRCCD  work  in  progress  is  presented  in  Figs.  19  and  20  for  monolithic  and  hybrid  devices  respectively. 
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In  the  monolithic  narrow  gap  semiconductor  IRCCD  category,  the  development  of  InSb  devices  is  furthest 
along.  MIS,  MOSEET  and  CCD  operation  have  been  demonstrated.  Other  semiconductors  presently  investigated 
include  tt>S,  PbTe  and  HgCdTe. 

the  extrinsic  Si  monolithic  IRCCD  is  probably  the  device  option  receiving  the  most  attention.  IRCCD  arrays 
have  been  fabricated  and  operated  using  Si:Ga  and  Si:Al  for  the  8-12  |jn  and  Sirin  for  the  3-c-  pm  regions. 

Schottky  barrier  devices  have  been  incorporated  into  an  integrated  IRCCD  and  operational  feasibility  has 
been  demonstrated.  In  the  heterojunction  !:1CCD,  R>S-Si  heterojunction  detectors  have  been  demonstrated  and 
work  on  the  development  of  an  integrated  array  is  in  progress. 

In  the  hybrid  IRCCD  category  most  effort  has  been  concentrated  on  the  coupling  of  photovoltaic  detectors. 
Work  is  in  progress  on  the  development  and  operation  of  PbSnTe,  InAsSb,  InSb  and  HgCdTe  hybrid  IRCCDs. 

The  feasibility  of  using  photoeonductive  detectors  coupled  to  CCDs  through  a buffer  stage  has  been  demon- 
strated with  HgCdTe.  Finally,  the  pyroelectric  hybrid  IRCCD  is  receiving  renewed  attention  for  low-cost, 
low-performance  room  temperature  applications. 

In  conclusion,  it  is  felt  that  the  IRCCD  field  lias  developed  at  an  extremely  rapid  pace  in  the  past  few 
years  from  the  initial  conceptual  phase  into  the  feasibility  and  op'eration  stage.  At  this  point  in  the 
development  of  the  field  a considerable  number  of  device  options  are  still  being  pursued  for  various 
applications. 
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DISCUSSION 


Sirieix 

What  is  your  opinion  about  large  integrated  infra-red  arrays  used  in  starring  mode? 

Author’s  Reply 

Certainly,  that  seems  to  be  the  long-term  goal.  To  obtain  large-scale  IR  integration  in  the  near-term,  we  must  wry 
carefully  choose  a device  approach  that  will  not  suffer  from  the  twin  problems  of  the  high  background  photon  flux 
and  response  non-uniformity.  In  the  long  run.  I believe  the  only  solution  lies  m integrating  on  chip  more 
sophisticated  signal  processing  along  with  the  read-out  function. 


Fig.  1 Classification  of  Infrared  Charge  Coupled  Devices. 


Fig.  3 Contrast  vs.  Cut-Off  Wavelength. 
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Fig.  4 IRCCD  Focal  Flane  Organisations 
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Fig.  5 CCD  Time-Pelay-and-Integration. 
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T = LIFETIME  Ld  = DIFFUSION  LENGTH  £j  = INSULATOR  FOR  DIELECTRIC  CONST. 

U = MOBILITY  N[  = INTRINSIC  CARRIER  CONC.  a = ABSORPTION  COEFFICIENT 

Sn  = SURFACE  RECOMBINATION  N = DOPING  DENSITY  T = TEMPERATURE 

u VELOCITY 


XD  = DEPLETION  WIDTH  = SUBSTRATE  DIELECTRIC  CONST.  Qg  = PHOTON  FLUX  DENSITY 


L = GATE  LENGTH  Nss  = SURFACE  STATE  DENSITY  Vg  = GATE  VOLTAGE 


Fig.  8 Monolithic  IRCCD:  Device-Material  Interaction. 


Fig.  9 InSb  MIS  Structure:  C-V  Characteristics. 
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Fig.  15  Hybrid  IRCCD:  TD1  Serially  scanned  Operation. 
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IRCCD  DEMONSTRATED.  WORK  IN 
PROGRESS  ON  VARIOUS  SIZE  ARRAYS 


C.  SCHOTTKY  BARRIER  DEVICES 

P d - S i -*  IRCCD  DEMONSTRATED 
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Pig*  19  Monolithic  IRCCD  Work  in  Progress. 
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ABSTRACT 

A new  family  of  optimized  solid-state  line  scanners  has  been  developed  and  is  now  available  to  the  system 
designer.  These  devices  offer  many  advantages  for  applications  requiring  high  sensitivity,  low  noise,  and 
spectral  purity.  The  devices  to  be  described  employ  photodiodes  as  the  detector  elements,  thus  assuring 
maximum  quantum  efficiency  and  a broad,  smooth  spectral  response,  both  characteristic  of  a good  silicon 
photodiode.  A charge-transfer  device  is  employed  to  provide  the  low-noise  readout.  This  combination  of 
photodiodes  and  analog  shift  register  results  in  the  optimum  solid-state  line  scanner.  In  addition,  these 
devices  contain  anti-blooming  circuitry  as  well  as  output  buffer  amplifiers. 

The  charge-coupled  photodiode  array  is  intended  specifically  for  applications  requiring  spectral  purity, 
i.  e.,  real  time  spectrophotometers  and  multispectral  scanners.  The  smooth  spectral  response  further  pro- 
vides improved  uniformity  to  monochromatic  illumination.  These,  as  well  as  other  advantages  of  this  archi- 
tecture, are  discussed  and  examples  of  performance  are  presented. 

1.  INTRODUCTION 

Evolution  has  produced  several  solid-state  image  sensors,  each  possessing  a different  architecture.  Most 
of  these  architectures  can  be  broken  down  into  combinations  of  four  basic  building  blocks.  This  paper  will 
present  a review  of  the  most  common  architectures  and  discuss  in  detail  the  new  architecture  which  results 
in  the  optimal  solid-state  line  scanner. 

The  solid-state  line  scanner  takes  advantage  of  the  highly  developed  silicon  integrated-circuit  technology. 
The  mechanism  of  detection  is  based  on  the  absorption  by  silicon  of  photons  within  an  energy  range  of  1. 1 ev 
to  about  6 ev.  This  corresponds  to  a wavelength  range  of  0.2jj  to  l.lp.  When  a photon  is  absorbed,  it 
generates  an  electron-hole  pair.  If  we  are  to  detect  this  electron-hole  pair,  the  components  must  be  sepa- 
rated. This  separation  is  normally  accomplished  by  the  depletion  region  of  a p-n  Junction  or  the  depletion 
region  induced  by  applying  the  appropriate  voltage  to  an  MOS  capacitor.  This  latter  depletion  region  is  also 
referred  to  as  a potential  well.  In  either  case,  the  electron  and  hole  are  separated  and  the  charge  equiva- 
lent to  one  electron  will  then  appear  on  the  depletion-region  capacitance.  Let  us  briefly  compare  these 
two  basic  detection  mechanisms.  The  internal  quantum  efficiencies  can  for  all  practical  purposes  be 
assumed  to  be  the  same  for  both  mechanisms,  i.  e. , the  efficiency  of  collecting  photo-generated  electron- 
hole  pairs.  The  main  difference  is  in  the  external  quantum  efficiency  of  the  two  mechanisms.  Figure  1 
shows  the  basic  structure  of  these  two  detectors.  The  external  quantum  efficiency  of  the  diffused  photo- 
diode suffers  minimum  losses  due  to  the  presence  of  only  two  interfaces  between  materials  of  different 
refractive  Indices,  1.  e.,  Air-Si02  interface  and  Si02_Si  interface.  The  thickness  of  the  S102  is  such  that 
the  modulation  of  the  spectral  response  of  the  diffused  photodiode  is  negligible.  It  is  apparent  from 
Figure  1 that  for  the  field-induced  detector  an  additional  two  interfaces  are  present  to  introduce  losses. 
Furthermore,  the  transparent  electrode  is  not  really  transparent  since  it  is  usually  polysilicon.  Since  silicon 
is  absorptive,  some  of  the  incident  photons  are  absorbed  in  this  layer.  This  is  particularly  true  for  the 
short  wavelength  or  the  blue  end  of  the  spectrum.  The  use  of  exotic  metallic  materials  has  resulted  in  field 
plates  that  are  more  transparent  over  the  spectral  range  of  interest  than  is  poly  silicon;  however,  these 
materials  are  foreign  to  standard  integrated- circuit  technology. 

The  absorption  of  incident  photons  in  this  quasl-transparent  layer  can  be  reduced  by  making  the  layer  thin. 
This,  however,  usually  results  in  modulation  of  the  spectral  response  due  to  interference  patterns  set  up 
in  the  electrode  layer  and  in  the  silicon  dioxide  layer  between  the  electrode  layer  and  the  silicon  since  it 
too  must  be  thin  to  insure  reasonable  operating  voltages.  Furthermore,  the  thickness  of  these  films  are 
subject  to  normal  processing  variations.  It  is,  therefore,  difficult  to  insure  reproducabllity  of  sensitivity, 
uniformity,  or  spectral  response.  It  is  apparent  that  the  diffused  photodiode  is  a far  superior  detector, 
possessing  the  following  advantages:  (1)  external  quantum  efficiency  approximately  three  times  that  of  the 
quasi-transparent  electrode  employing  polysilicon;  (2)  full  spectral  response  extending  from  0.2u  to  l.ljj; 
and  (3)  a relatively  smooth  spectral  response  not  subject  to  process  variations. 

Having  now  detected  internally  the  absorption  of  a photon,  it  is  necessary  that  this  information  be  made 
available  at  a terminal.  Here  lies  another  of  the  principal  differences  in  the  design  of  solid-state  line 
scanners.  Figure  2 shows  schematically  two  approaches  used  to  Interrogate  and  read  out  the  individual 
picture  elements  of  a line  scanner.  Each  approach  uses  a shift  register  to  read  out  the  information  stored 
on  each  individual  photo-sensitive  element  or  pixel.  In  the  first  case  a digital  shift  register  is  used  to 
sequentially  access  a transfer  switch  which  connects  individual  pixels  in  turn  to  a common  terminal.  This 
approach  has  the  definite  advantage  that  digital  shift  registers  and  multiplex  switches  have  been  highly 
developed,  use  standard  MOS  processes,  and  are  relatively  easy  to  implement.  The  performance  of  this 
readout  technique  is  dependent  on  both  the  total  number  of  multiplex  switches  and  on  the  uniformity  of  the 
multiplexing  function,  i.  e.,  Ideally  each  multiplex  switch  and  its  drive  should  be  identical.  Non-uniform 


L- ^ - ■ A 


1.30 

multiplexing  results  In  a fixed-pattern  modulation  which  Is  superimposed  on  the  video  information  from  the 
pixels.  Differential  signal-processing  techniques  have  recently  been  Incorporated  which  have  reduced  the 
fixed-pattern  component  to  a negligible  level.  The  fixed  pattern  has  been  reduced  to  the  point  where  the 
total  number  of  multiplex  switches  Is  now  of  practical  significance.  The  random  noise  depends  directly  on 
the  size  of  the  output  capacitance  which  in  turn  Is  a function  of  the  number  of  multiplex  switches  connected 
to  the  output  line.  In  the  majority  of  applications,  particularly  those  for  which  the  solid-state  line  scanner 
serves  as  an  Input  to  a machine,  random  noise  does  not  appear  to  be  a practical  problem.  The  level  of  the 
random  noise,  however,  does  set  a basic  limit  to  the  minimum  detectable  illumination  level  that  can  be 
detected,  and  In  doing  so,  must  be  considered  in  any  design. 

The  second  approach,  shown  In  i'igure  2,  also  employs  a transfer  switch  (really  an  adjustable  barrier)  for 
each  pixel;  however,  all  pixels  are  sampled  simultaneously,  thus  transferring  all  the  information  in  parallel 
into  an  analog  shift  register.  This  information  is  then  clocked  to  an  output  terminal  at  the  end  of  the  analog 
shift  register.  The  analog  shift  register  has  been  highly  developed  over  the  past  few  years.  Charge-transfer 
devices,  both  bucket  brigade  and  charge-coupled,  can  now  be  made  with  transfer  efficiencies  exceeding 
0.9999  at  megahertz  clocking  rates;  therefore,  the  initial  problems  of  shading  and  loss  of  resolution  are  no 
longer  a serious  problem. 

Figure  3 shows  four  architectures  that  may  be  implemented  using  the  building  blocks  described  above.  Let 
us  begin  by  examining  each  structure.  The  first  structure  to  be  discussed  uses  photodiodes  as  the  detectors 
and  a digital  shift  register  to  sequentially  interrogate  these  diodes  and  is  depicted  in  the  figure  as  Combi- 
nation A.  This  structure  operates  in  the  charge-storage  mode  and  is  commonly  referred  to  as  a self-scanned 
photodiode  array.  To  obtain  line  storage  requires  a single  multiplex  switch  connected  to  each  photodiode, 
thus  making  possible  high-density  linear  arrays  which  possess  all  the  advantages  of  the  photodiode  detector. 
For  linear  arrays,  this  architecture  is  perfectly  adequate  for  realizing  long  high-density  arrays.  Linear 
arrays  2000  pixels  in  length  with  pixels  as  close  as  15  micron  centers  have  been  available  for  some  time. 

This  architecture,  however,  has  reportedly  two  serious  shortcomings.  The  one  most  often  referred  to  is  the 
output  capacitance,  which  increases  directly  with  the  number  of  pixels.  Its  effect  is  to  increase  directly 
the  thermodynamic  or  random  noise  of  the  system,  thus  limiting  the  minimum  number  of  photons/pixels  that 
can  be  detected.  For  arrays  of  less  than  about  104  pixels  the  resulting  increase  in  noise  due  to  increasing 
output  capacitance  is  usually  of  no  practical  importance  since  other  sources  of  noise  usually  dominate. 

It  is  usually  the  fixed-pattern  noise  that  has  limited  the  number  of  grey  levels  that  are  discernable.  The 
fixed  pattern  noise  has  two  origins.  Slight  differences  in  the  shift  register  and  multiplex  switches  have 
been  in  the  past  a source  of  a fixed-pattern  noise  discernable  primarily  at  lower  levels  of  illumination. 

This,  however,  has  been  virtually  eliminated  by  differential  techniques  and  is,  therefore,  much  less  of  a 
problem  now  as  compared  to  earlier  arrays  using  this  architecture.  Another  source  of  fixed-pattern  noise 
results  from  the  pixel-to-pixel  variation  in  photosensitivity . This  sensitivity  variation  results  in  an  uncer- 
tainty that  also  limits  the  number  of  grey  levels  that  can  be  discerned,  but  is  a fundamental  problem  result- 
ing from  the  physics  and  not  from  the  architecture. 

The  second  architecture  to  be  discussed  is  commonly  referred  to  as  a charge-coupled  device  which  uses  the 
field-induced  photo-detector  as  the  pixel  and  the  analog  shift  register  to  shift  the  information  from  the  pLxel 
to  the  output  terminal  and  is  depicted  by  Combination  B.  Depending  on  the  particular  criteria  employed,  the 
performance  of  these  structures  has  ranged  from  adequate  to  excellent.  As  a result  of  the  very  low  output 
capacitance  and  the  elimination  of  sequential  sampling  with  multiplex  switches,  both  the  thermodynamic 
and  the  fixed-pattern  noise  in  the  dark  are  exceptionally  low.  This,  however,  is  offset  by  the  resulting 
non-uniformity  that  prevails  under  illumination.  This  non-uniformity  is  a result  of  the  variations  in  film 
thicknesses  that  occur  in  fabricating  the  field-induced  photo-detector  added  as  well  as  those  non-uniformi- 
ties that  are  always  present  In  the  bulk  silicon.  Since  the  reflectivity  as  well  as  the  absorption  depends  on 
the  relative  thicknesses  of  several  films,  a compromise  must  be  made  between  spectral  response,  quantum 
efficiency,  and  the  non-uniformity . Normal  process  variations  make  reproduction  of  consistent  parameters 
over  a period  of  time  somewhat  more  difficult  than  for  the  simpler  diffused  diode  structure. 

The  third  structure  to  be  discussed,  shown  as  C in  the  figure,  combines  the  field-induced  photo-detector 
with  the  digital  shift  register  in  an  effort  to  obtain  higher  density  with  an  existing  technology.  As  initially 
conceived,  this  structure  exhibited  excessive  uncontrolled  blooming,  less  sensitivity  than  the  photodiode, 
spectral  variations,  excessive  non-uniformity,  fixed  patterns  in  the  dark  resulting  from  digital  sampling, 
and  an  extremely  large  output  capacitance.  Most  of  these  difficulties  are  now  under  control;  however,  the 
technology  is  no  longer  standard,  requiring  an  exotic  metal/silicon-gate  MOS  process  on  an  epitaxial  sub- 
strate. Furthermore,  a double-sampling  technique  must  be  used  to  process  out  the  fixed-pattern  noise  result- 
ing from  the  sequential  sampling  of  multiplex  switches  and  the  KTO  thermodynamic  noise  associated  with 
resetting  the  output  capacitance.  As  a result  of  employing  this  more  complicated  signal  processing  technique, 
the  inherent  forms  of  signal  contamination  are  eliminated,  and  good  low-level  performance  is  obtained. 

The  final  structure  to  be  assembled  from  the  set  of  building  blocks  is  shown  in  the  figure  as  D.  This  structure 
uses  photodiodes  with  all  their  inherent  advantages,  i.  e.,  spectral  purity  and  high-external  quantum  effi- 
ciency, combined  with  an  analog  shift  register  for  readout.  This  combination  possesses  all  the  advantages 
of  the  photodiode  detector  with  those  of  the  analog  shift-register  readout.  The  discussion  to  follow  will 
describe  the  practical  realization  of  a linear  array  employing  this  architecture.  For  lack  oi  a more  descrip- 
tive acronym,  let  us  refer  to  this  architecture  as  the  charge-coupled  photodiode  array  (CCPD  array). 
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2.  REALIZATION  OF  THE  CHARGE-COUPLED  PHOTODIODE  ARRAY 

The  architecture  of  the  charge-coupled  photodiode  array  has  been  realized  using  standard  production  MOS 
processes . 

Figure  4 shows  schematically  the  basic  structure  of  the  array.  The  sensitive  region  consists  of  a row  of 
photodiodes.  All  photodiodes  simultaneously  dump  their  charges  Into  an  analog  shift  register  which.  In  turn, 
transfers  the  information  to  the  output  terminal.  Actually,  two  analog  shift  registers  are  used  with  alternate 
photodiodes  being  dumped  Into  the  same  readout  register.  This  not  only  doubles  the  data  rate,  but  also 
results  in  a "full  wave"  or  zero-order  sample-and-hold  output. 

3.  FUNCTIONAL  DESCRIPTION 

As  stated  earlier,  the  CCPD  is  a linear  diode  array  with  two  readout  shift  registers.  The  shift  registers  are 
n-channel  four-phase  (4£0  surface-channel  CCD  fabricated  using  a double  poly-slllcon  n-channel  technology. 
The  center-to-center  distance  of  the  photodiodes  is  16pm,  and  the  channel  width  of  the  CCD  shift  register 
Is  approximately  160pm.  A simplified  schematic  Is  shown  In  Figure  4.  The  sensing  region  consists  of  a 
row  of  diffused  photojunctions,  connected  lnterdlgitally  each  to  a separate  diffused  Island,  as  In  Figure  5. 

On  one  side  of  the  diffused  island  Is  an  anti-blooming  gate  VR  which  controls  the  excess  signal  charge  and 
drains  it  Into  a sink  voltage  Vqj).  On  the  other  side  of  the  diffusion  Island  is  a transfer  gate  0t  which  Inter- 
faces the  signal  charge  Into  the  CCD  register.  Each  CCD  shift  register  is  provided  with  a low-noise  fill— 
and-splll  Input  and  a charge  Integrator  at  the  output  node.  The  output  signals  of  both  CCD  registers  are 
multiplexed  off-chip  to  obtain  the  combined  video  signal.  The  whole  chip  is  covered  by  a second  metal  layer 
except  for  a 16um  aperture  above  the  sensing  diodes. 

For  normal  operation,  the  device  requires  a substrate  bias  of  -5V,  and  the  CCD  register  is  driven  by  a set 
of  standard  40  clocks  swinging  from  0V  to  +15V.  The  blooming  control  gate  VR  Is  grounded  and  the  transfer 
gate  clock  0t  swings  from  -5V  to  +5V.  Figure  5 shows  the  cell  layout,  and  Figure  6 the  potential  diagram 
showing  the  anti-blooming  effect  of  VR  as  well  as  the  charge  transfer  path  Into  the  CCD  shift  register. 

When  the  transfer  gate  0t  is  turned  on,  signal  charge  Is  transferred  Into  the  shift  register  and  the  sensor 
diode  Is  reset  to  a level  of  "V0t  - Vf"  where  Vj  Is  the  threshold  of  the  0j  gate.  The  Integration  time  is  the 
period  between  two  subsequent  0t  or  transfer  pulses  as  depicted  in  Figure  7.  After  the  sensor  diode  Is  reset, 
the  signal  charge  starts  to  build  up  as  the  photons  are  absorbed  at  each  sensor  site.  When  the  signal 
charge  reaches  the  level  set  by  the  blooming  control  gate  VR,  the  excess  charge  will  spill  over  the  VR  barrier 
and  sink  into  Vdd-  T^e  harrier  between  each  sensor  diode  Is  at  the  substrate  voltage  -5V.  There  are  5V 
margins  between  the  substrate  barrier  and  the  blooming  control  barrier.  Therefore,  the  anti-blooming  effect 
Is  excellent.  By  proper  clocking,  the  blooming  control  gate  also  can  be  used  as  an  exposure^)  or  contrast^) 
control. 

While  the  sensing  diode  is  Integrating  the  incident  photon  flux,  the  shift  register  delivers  the  previous 
signal  charge  to  an  output  node,  where  a charge  integrator  converts  it  pixel  by  pixel  to  an  output  voltage. 
Since  all  the  signal  charge  is  differentiated  from  a reference  level  set  by  the  transfer  gate  0t,  no  fixed 
pattern  noise  Is  to  be  expected.  The  input  port  at  the  Input  end  continuously  supplies  a background  charge 
to  minimize  the  trapping  effect,  thus  optimizing  the  transfer  efficiency.  This  Input  port  also  can  be  used 
to  monitor  the  transfer  efficiency  of  the  shift  register  by  feeding  In  a square-wave  signal  and  measuring  the 
percentage  charge  loss  of  the  leading  pixel.  A wide  channel  Is  used  to  maximize  the  transfer  efficiency. 

The  measured  transfer  efficiency  Is  better  than  0.9999  at  2.5MHz  clock  rate,  which  corresponds  to  a 5MHz 
data  rate  at  the  combined  video  output.  To  obtain  optimum  performance,  clock  waveshape  control  of  the 
major  docks,  0j  and  0j,  is  desirable.  Specifically,  it  is  desirable  to  control  overlap  and  rise  and  fall 
times,  as  Illustrated  In  Figure  8. 

4.  PERIPHERAL  INTERFACE  CIRCUIT 

Although  the  device's  peripheral  circuit  employs  standard  CCD  techniques,  caution  should  be  used  in  devel- 
oping the  clocks  and  output  Interface  circuitry  to  obtain  optimum  performance  from  the  device.  Therefore,  a 
brief  description  is  given  of  the  interface  peripheral  circuit  which  has  been  employed  to  measure  the  device 
performance.  Also,  some  of  the  Interrelationships  between  the  device  and  the  peripheral  circuit  are  given. 

A simplified  block  diagram  Is  shown  in  Figure  9.  The  circuit  Is  separated  into  three  sections:  (a)  the  sensor, 
(b)  the  logic  control,  and  (c)  the  analog  signal-processing  circuit.  The  logic  control  section  generates  the 
four-phase  clocks  and  the  transfer  pulse  for  the  sensor  array,  along  with  the  sampling  and  dc  restoration 
pulses  for  the  signal-processing  circuits. 

The  signal  processing  circuits  are  composed  of  the  preamplifier,  the  sampling  switch,  and  the  sample-and- 
hold  capacitor,  the  swltch-edge-cancellatlon  (SEC)  capacitor,  a simple  filter,  and  the  buffer  amplifier  for 
the  output.  The  odd  and  even  pixels  from  the  array  are  summed  at  the  preamplifier  via  the  gain-balancing 
potentiometer.  The  combined  samples  are  then  resampled  and  held  on  the  holding  capacitor  for  the  duration 
of  a single  pixel,  then  processed  with  dc  restoration,  filtering,  blanking  and  buffering. 

In  the  resampling  process,  sampling  switch  energy  Induces  extraneous  charge  on  the  storage  capacitor. 

The  swltch-edge-cancellatlon  (SEC)  trimmer  capacitor  is  adjusted  to  minimize  or  cancel  the  extraneous 
charge  by  coupling  charge  from  a negative-going  version  of  the  sampling  pulse. 


The  do  restoration  circuit  restores  a ground  reference  to  the  sampled-and-held  video  during  the  retrace  or 
blanking  time  oi  the  array. 

The  simple  RC  low-pass  filter  is  used  to  minimize  residual  switching  spikes  and  to  maintain  minimum  noise 
bandwidth  consistent  with  the  array  switching  speed. 

The  array  requires  four-phase  clocks,  a transfer  pulse,  and  complementary  reset  clocks.  The  clock  wave- 
forms have  crossing-point  and  edge-control  requirements  as  illustrated  in  figure  8,  and  the  transfer  pulse 
must  occur  at  the  proper  time  while  the  four-phase  clocks  are  held  stationary,  as  shown  at  figure  6.  The 
logic  section  provides  the  required  sequencing  and  shaping,  with  all  timing  controlled  by  a basic  trigger 
oscillator  operating  at  twice  the  desired  sample  rate  or  lour  times  the  four-phase  clock  rate.  The  sample 
rate  is  variable  from  less  than  lOOKHz  to  more  than  4MHz.  Ring-counter-connected  flip-flops  generate  two 
pairs  of  complementary  square  waves,  stagoered  by  one  trigger  period,  which  provide  the  basic  four-phase 
clock  timing.  Direct  and  delayed  versions  of  the  major  clocks  are  combined  in  NOR  gates  to  give  the  desired 
high-level  crossing. 

Three  separate  but  interconnected  counters  are  used  to  sequence  the  transfer  process,  the  readout  process, 
and  the  desired  integration  period.  During  the  transfer  period,  the  four-phase  clocks  are  stopped  with  a 
particular  phase  relationship.  The  readout  period  follows  next,  and  then  the  video  output  is  blanked  for  the 
balance  of  the  integration  period  and  the  transfer  period. 

One  of  the  two  readout  shift  registers  has  an  extra  half  stage  (figure  4)  with  the  result  that  even  though 
pixel  information  is  transferred  to  both  registers  simultaneously,  output  occurs  alternately,  automatically 
in  the  correct  multiplex  sequence.  A se<  ond  effect  of  this  arrangement  is  that  a "blind"  pixel  time  slot 
appears  at  the  beginning  of  the  readout  sequence,  with  a level  suitable  for  ground  reference  (dc  restoration) 
for  the  video  processing  circuit.  The  logic  control  selects  this  time  slot  to  provide  a clamp  pulse  to  the 
ground-reference  circuit,  finally,  the  logic  control  provides  the  sampling  pulses  for  the  output  sample- 
and-hold  processor. 

The  analog  video  portion  of  the  peripheral  circuit  provides  gain  balance  between  the  two  readout  paths, 
combines  the  signals,  samples  and  holds  the  values  pixel  by  pixel,  restores  a ground  reference,  provides 
a simple  low-pass  filter,  and  delivers  a buffered  low-impedance  output.  As  part  of  the  sampler,  a transient 
glitch-balancing  circuit  largely  cancels  the  capacitive  coupling  inadvertently  present  in  the  sampler  switch. 
This  switch-edge-canceller  (SEC)  introduces  equal  and  opposite  capacitive  transients  to  those  from  the 
switch. 


5.  PERI'ORMANCE 

The  performance  of  the  device  has  been  measured  with  a circuit  similar  to  that  described.  Typical  perform- 
ance is  shown  in  figures  10  to  IS. 

figure  10  shows  the  typical  silicon  photodiode  response  which  is  the  same  response  exhibited  by  the  CCPD 
because  each  photosite  is  a silicon  diode.  This  photodiode  response  differs  from  that  of  the  field-plate 
CCD  sensor  which  exhibits  Interference  patterns  that  cause  bandpass  ripples  in  wavelength  response;  in 
addition,  the  latter  response  rolls  off  at  the  band  edges  with  substantial  loss  of  blue  wavelength  response. 

figure  11  is  a typical  optlcal-to-electrlcal  transfer  characteristic.  The  light  exposure  in  Joules/cm2  is 
plotted  on  the  x-axis  and  the  output  in  volts  is  plotted  on  the  y-axis.  These  measurements  have  been  taken 
with  a 2870°K  tungsten  source  and  a reference  detector  with  a flat  response  over  the  band  370  to  1040nm. 
Note;  The  drive  circuits  that  were  used  for  these  measurements  are  as  described  in  the  foregoing  circuit 
description,  but  the  signal  was  measured  directly  across  a 1.5K  resistor  as  shown  in  the  schematic  insert 
in  figure  1 1 . 

figure  12  is  a family  of  curves  showing  the  reciprocity  between  light  intensity  and  integration  time.  These 
curves  have  been  measured  by  holding  light  power  constant  and  varying  the  integration  time.  The  output  is 
the  voltage  output  normalized  to  the  saturated  light  output. 

It  is  obvious  that  longer  integration  times  may  be  used  to  detect  lower  light  levels.  However,  this  approach 
is  ultimately  limited  by  leakage  current  which  is  Integrated  along  with  the  photocuirent.  At  room  temperature, 
dark  current  will  contribute  less  than  1%  of  a saturated  signal  for  integration  times  up  to  about  30msec 
(corresponding  to  approximately  60KHz  scan  rate  for  a 1728-element  array),  figure  13  shows  dark  scans  at 
1MHz  and  at  lOOKHz.  The  fact  that  dark  signal  remains  negligible  even  at  the  lower  scan  rate  is  character- 
istic of  the  low-dark-current  capability  inherent  in  the  CCTD  technology. 

Tlgure  14  is  an  oscilloscope  photograph  illustrating  the  full-wave  boxcar-type  video  output  with  a single 
cell  illuminated  t-y  a 1/2  mil  diameter  light  spot.  This  measurement  was  taken  with  the  complete  signal 
processing  circuit  previously  described. 

figure  15  illustrates  performance  of  the  on-chip  video  output  buffers.  The  buffer  function  is  to  convert  the 
collected  video  charge  into  a corresponding  output  voltage  from  a relatively  low-impedance  generator. 
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6.  CONCLUSION 

The  basic  building  blocks  of  the  optimum  solid-state  Image  sensor  have  been  available  for  some  time,  but 
until  now  they  have  not  been  optimally  combined.  Not  only  does  this  structure  excel  In  its  electro-optical 
performance,  it  also  provides  electrical  versatility  as  demonstrated  by  its  variety  of  operating  modes. 
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Figure  1.  Two  Basic  Photodetector  Structures 
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Figure  2.  Techniques  for  Interrogating  and  Readlng-out  Picture  Elements 
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Figure  3.  Four  Basic  Architectures  of  a Solid-state  Image  Sensor 
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] igure  6.  Potential  Diagram  Illustrating  Transfer  and  Anti-blooming  Properties 
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Plguro  7. 


Timing  Diagram  Illustrating  Transfer  and  Output 
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(a)  (b) 

Figure  8.  a)  Illustration  of  Four-phase  Clock  Timing 


b)  Expanded  Scale  Showing  Details  of  01  and  03 
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Figure  9 


Block  Diagram  for  the  Peripheral  Control  Circuit 
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figure  10.  Typical  Spectral  Response  of  a Diffused  Diode 
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figure  1 1 . 


Optlcal-to-electrlcal  Transfer  Characteristic  for  the  CCTD 
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Relationships  Between  Light  Intensity  and  Integration  Time 


Figure  13 


a)  Dark  Scan  at  1MHz  Sample  Rate 


b)  Dark  Scan  at  lOOKHz  Sample  Rate 
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Figure  14 


Boxcar  Output  with  Single  Pixel  Illuminated 
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Figure  15 


Output  Impedance  as  a Function  of  l.oad  Current 
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H.  Gautier,  C.  Maerfeld  et  P.  Tournois 
Thomson-CSF  - Division  des  Activites  Sous-Marines 
Chemin  des  Travails  - 06802  Cagnes-sur-Mer  (France) 
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Les  ondes  acoustiques  de  surface  fournissent  une  methode  de  balayage  de  senseur  optique  qui 
permet  une  lecture  soit  directe,  suit  par  traitement  de  1' image.  Dans  le  domaine  de  la  lecture  d' images 
visibles,  l'avantage  des  techniques  acoustiques  est  qu'elles  permettent  d'operer  de  faqon  simple  un  traite- 
ment de  I'imnge  au  moment  de  la  lecture.  L'effort  consenti  A 1' etude  de  tels  dispositifs  a neanmoins  ete 
limite,  aussi  ces  dispositifs  sont-ils  toujours  principalement  des  objets  de  laboratoire. 

Dans  cet  article  nous  rappellerons  brievement  la  geometrie  des  dispositifs  utilises  ainsi  que 
les  principes  generaux  de  fonct ionnement . Nous  montrerons  comment  s'effectue  la  lecture  directe  d'une 
image  et  comment  on  peut  beneficier  du  phenomene  d' integration  photonique  a condition  de  disposer  de  sen- 
seur de  type  reseau  de  diodes  integre.  Les  systemes  utilisant  de  tels  reseaux  seront  par ticul ie remen t de- 
crits  car  ce  sont  ceux  qui  ont  demontre  les  plus  grandes  sens ibi 1 i tes . 

Nous  detaillerons  ensuite  les  possibilites  offertes  de  traitement  d' image.  En  particulier  nous 
montrerons  que  le  signal  de  sortie  peut  etre  la  transformee  de  Fourier  ou  de  Fresnel  lineique  de  l'image. 
Enfin,  nous  analyserons  les  autres  capacites  non  encore  demontrees  de  ce  type  de  systemes  comme  la  lecture 
et  le  traitement  bidimens ionnel s . 

I.  - PRINCIPE  DE  LA  LECTURE  ACOUSTIQUE  D' IMAGE. 

Tout  dispositif  permet t ant  la  lecture  d'image  doit  remplir  deux  fonctions  : la  function  senseur 
et  la  function  de  ba lay age. 


Les  senseurs  utilises  dans  les  dispositifs  acoustiques  sont  des  memos  types  que  ceux  des  syste- 
mes a tube  ou  CCD.  Ce  sont  en  general  des  plaquettes  de  semiconducteur  epitaxie  ou  des  mosalques  de  diodes 
dif fusees.  L ' interrogation  et  le  balayage  du  senseur  sont  obtenus  au  moyen  d'ondes  acoustiques  de  surface 
se  propageant  sur  un  substrat  piezoelectr ique , un  faible  espace  d'air  etant  menage  entre  les  deux  materiaux 
(voir  Fig.  la)  pour  eviter  tout  effet  de  charge  mecanique  des  ondes.  Du  fait  de  l'effet  piezoelec tr ique , un 
champ  electrique  existe  qui  interagit  avec  le  materiau  semiconducteur.  Cette  interaction  peut  etre  simple- 
ment  decrite  au  moyen  du  circuit  equivalent  de  la  Fig.  lb.  L'onde  acoustique  est  representee  par  un  genera- 
teur  de  courant  Iac  proport ionnel  a 1' amplitude  de  l'onde,  et  d' admittance  interne  Yac  ; le  semiconducteur 
d'admittance  equivalente  Ys  est  parcouru  par  un  courant  A la  frequence  de  l'onde  acoustique  u>  et  de  valour 
ju>Dac  ou  Dac  est  le  champ  de  deplacement  qui  existe  a la  surface  du  piezoelectrique.  L 'admittance  Ys  depend 
en  particulier  de  la  densite  de  porteurs  libres  n du  semiconducteur  et  de  la  densite  qs  de  charges  stockees 
ou  piegees  A la  surface  du  semiconducteur.  On  peut  done  ecrire  symbol iquement  : 


Ys  “ f(n*  qs)  (O 

Dne  des  methodes  de  balayage  acoustique  proposees  utilise  la  modulation  de  Ys  par  1 ' illumination  incidence 
(modulation  de  n ou  de  qs) , ce  qui  perturbe  la  vitesse  de  propagation  de  l'onde  et  donne  lieu  3 une  re- 
flexion de  l'onde  incidente  (QUATE,  C.F.,  1974).  De  maniere  plus  generate  les  techniques  de  balayage  acous- 
tique me t tent  3 profit  des  effets  non  lineaires  que  I'on  peut  resumer  comme  suit.  Le  courant  1 dans  le 
semiconducteur  est  de  la  forme  : 

3Y 


3 V 


LIN 


NL 


et  la  composante  non  lineaire  pent  s' ecrire  encore  : 

3Y  I-  _ 

IMi  - T7T  • T - C(n,  q ) r 

' * « a r* 


Nl. 


JV 


(2) 


(3) 


+ ) 

ac 


Li-  ti'rmi-  dvrivt-  traduit  l'effet  varicap  a savuir  que  la  capacite  de  surface  varie  avec  le  potentiel  de 

surface  V,  e'est-d-di re  la  charge  q . he  rendement  nun  lineaire  C est  ainsi  une  function  de  n et  de  q . 

s s 


Le  principe  de  la  lecture  d'image  consiste  a faire  interagir  deux  ondes  contradirect ives  dt 
meme  pulsation  ui  qui  correspondent  ainsi  a deux  ondes  de  courant  F(t  - z/v)  e.H101-^)  et 

g(t  ♦ z/v)  e*^*  avec  k * ui/v  (Voir  Fig.  2).  11  s'ensuit  que  : 

INl  - C Cf  e>(u,t‘kz)  ♦ G ej(wt+kz)  ♦ C.C.  ]’  ■ C . F G ej2ut  ♦ F G e'2kz].  C.C.  (4) 


L'electrode  plane  deposee  sur  la  face  arriere  du  semiconducteur  ne  collecte  que  les  courants spat ial lement 
uni  formes.  Le  signal  de  sortie  est  done  de  la  forme  : 

H(t)  - ej2u,t  F(t  - 1)  C(t  + i)  C Qi(z)  , qg(z)]  dz  (5) 

Si  C - Cste,  H(t)  represente  le  produit  de  convolution  de  F et  G.  Par  ailleurs,  si  on  suppose  que  I'un 
des  signaux  est  une  impulsion  breve  F(t)  : <S(t),  1 'autre  etant  d'amplitude  unite  G(t)  - J,  la  relation 
(5)  s'ecrit  : 

H(t)  - e’2l0t  cQ»(vt),  qg(vt)]  (b) 
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Le  signal  de  sortie  fournit  done  une  information  sur  la  valour  de  la  function  C A 
breve . 


'abaci sse  de  1' impulsion 
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Si  l(z)  est  la  distribution  de  l ' il lumination  incidents  (Voir  Fig.  2),  C peut  varier  locale* 

nu»nt  : 

- soit  par  effet  pho toconduc teur  de  modulation  de  la  densite  de  porteurs  libres  n(z)  ■ n^  ♦ al(z) 

- soit  par  effet  photovol talque  de  modulation  du  potentiel  et  de  la  charge  stockee  qg(z)  ■ q^  ♦ b I(z). 

Les  ondes  de  surface  balavent  done  la  densite  de  charge  de  surface  en  lisant  la  variation  du 
tacteur  C ; el  les  peuvent  dont  lire  tout  senseur  optique  qui  transforme  intensity  lumineuse  ou  photons  en 
courant  ou  charges  electriques.  Un  certain  nombre  de  carac ter i st iques  propres  aux  techniques  acoustiques 
de  lecture  d' image  apparatt  d'ores  et  d6jA. 

a)  La  vitesse  de  balayage  est  egale  a celle  des  ondes  acoustiques.  File  est  done  elevee.  Dans  le  cas  d'un 
substrat  piezoelectrique  en  LiNbOj,  YZ,  v - 3500  m/s.  Ceci  signifie  qu'une  ligne  de  300  points  de 

50  um  est  lue  en  4,3  us.  Nous  verrons  au  § 3 qu'il  est  neanmoins  possible  d'augmenter  le  temps  de  ligne. 

b)  Ces  dispositifs  de  lecture  fonctionnent  generalement  dans  la  gamme  VHF.  En  effet,  l'obtention  d'une 
bonne  resolution  Az  demande  une  large  bande  passante  B,  selon  la  relation  B ■ v/Az  (par  ex.  B - 70  MHz 
pour  Az  - 50  um) . Et  les  transducteurs  electro-acoustiques  fonctionnent  avec  une  bande  relative  assez 
faible  de  I'ordre  de  30  A 50  Z. 

c)  Les  fonctions  "senseur"  et  "lecteur"  sont  separees  et  el  les  peuvent  done  etre  opt imi sees  separement . 

Far  exemple,  nous  avons  pu  utiliser  des  cibles  de  type  vidicon  faites  de  matrices  de  diodes  pn.  Ces 
cibles  presentent  en  particulier  une  tres  bonne  isolation  entre  diodeset  un  tres  faible  courant  inverse 
ce  qui  nous  a permis  d'utiliser  des  techniques  d' integration  photonique  pour  atteindre  de  tres  faibles 
seuils  de  sensibilite  a 1 ' eclai rement  (voir  Section  2). 

d)  La  lecture  d ' image  n'est  pas  destructive  cont rai rement  au  cas  des  dispositifs  il  transfert  de  charge.  11 
est  done  possible  de  faire  plusieurs  lectures  successives  et  d'integrer  elec t roniquement  les  signaux. 

Ceci  rend  possible  l'obtention  directe  de  transformees  globales  de  1' image.  Nous  reviendrons  sur  ce 
point  dans  la  Section  3. 

2.  - D1FFERENTS  MODES  DE  LECTURE  DIRECTE  D' IMAGE. 

Les  dispositifs  exp£rimentaux  utilisent  en  general  un  substrat  en  LiNbO}  qui  est  transparent 
pour  le  rayonnement  visible.  Le  film  d'air  necessaire  entre  piezoelectrique  et  semiconducteur  est  de  I'ordre 
de  2000  A pour  pennettre  un  bon  couplage  acousto-electr ique  aux  frequences  acoustiques  utilisees  qui  sont 
de  I'ordre  de  100  MHz.  Ce  film  d'air  est  generalement  obtenu  par  une  attaque  ionique  du  substrat  piezo- 
electrique qui  laisse  subsister  des  plots  sur  lesquels  s'applique  le  senseur. 

Le  senseur  optique  peut  etre  une  plaquette  de  semiconducteur  homogene.  Mais  alors  les  difficul- 
tes  liees  a la  preparation  et  A la  stabilisation  de  la  surface  active  rendent  peu  repetables  les  resultats 
concernant  la  sensibilite  de  tels  dispositifs.  La  resolution  est  aussi  limitee  par  la  diffusion  laterale 
de  porteurs  et  la  recombination  de  surface. 

Une  structure  plus  stable  et  plus  performante  est  celle  dans  laquelle  le  senseur  est  compose 
d'un  reseau  (ou  d'une  matrice)  de  diodes  diffusees  dans  des  fenetres  en  Silice  puis  recouvertes  d'une 
metallisation  (Voir  Fig.  3).  Cette  structure  a de  plus  la  particularity  de  pouvoir  conserver  une  charge 
negative,  charge  qui  peut  etre  simplement  introduite  en  polarisant  dans  le  sens  direct  les  diodes  au  moyen 
d'une  impulsion  appliquee  exter ieurement . Tous  les  resultats  rapportes  dans  la  presente  section  ont  etc 
obtenus  avec  des  dispositifs  de  ce  type  oA  les  diodes  diffusees  dans  du  materiau  de  resistivite  10  ftem 
portent  le  code  v.m.s.  (DEFRANOULD  et  al,  1976,  C.AUTIER  et  al,  1976). 

2.1.  Lecture  de  flux  photonique  (instantane) . 

Le  schema  de  principe  est  celui  de  la  Fig.  2.  Sous  1 'effet  de  1 ' ec iai rement  1' apparition  d'une 
tension  photovol talque  aux  bornes  des  diodes  polarise  celles-ci  en  direct.  En  consequence,  l'amplitude  du 
signal  de  convolution  H augmente  d'une  valeur  AH.  La  Fig.  4 represente  la  courbe  de  sensibilite  obtenue 
c'est-A-dire  la  variation  de  AH/H  en  fonction  du  niveau  d' i llumination.  La  reponse  est  loin  d'etre  lineaire 
nuiis  i^  faut  remarquer  une  dynamique  d'eclairement  de  pres  de  60  dB  et  un  seui 1 de  sensibilite  de  I'ordre 

de  10  lux  en  lumiere  monochromatique  de  longueur  d'onde  0,58  pm. 

Dans  ce  mode  de  fonctionnement , le  signal  d'obscurite  est  f*leve  et  le  contraste  en  sortie 
faible.  Pour  remedier  A ces  inconvenients , il  a ete  montre  (KINO,  G.S.,  1974)  que  l'on  peut  realiser  un 
filtrage  optique  en  superposant  une  grille  de  pas  p sur  l 'image.  Dans  ce  cas  on  applique  sur  les  deux 
transducteurs  d'entree  des  signaux  de  pulsat ions u> j et  u>2  telles  que  u)|/v  - m^/v  - +2n  p (Fig.  5).  En 
l 'absence  de  lumiere  le  reseau  de  pas  p est  inexistant  et  cette  relation  de  phase  ne  peut  pas  etre  satis- 
faite.  En  presence  de  lumidre,  le  reseau  est  projete  sur  le  semiconducteur  et  le  signal  de  sortie  est 
detecte  A la  pulsation  u*|  ♦ u>2 . Celles-ci  sont  choisies  de  telle  maniere  que  le  pas  p soit  suf f isamment 
petit  pour  ne  pas  limiter  la  resolution. 

Four  une  modulation  du  signal  H de  quelques  dB,  une  dynamique  de  30  dB  a ainsi  £t£  obtenue 

(GAIT IE R H. , 1975),  ce  qui  dans  le  cas  present,  rendrait  lineaire  la  reponse  du  systeme. 

2.2.  Lecture  apres  integration  photonique. 

Conroe  nous  l 'avons  mentionin'  plus  haut,  si  l’on  applique  une  impulsion  de  tension  exterieure 
aux  bornes  de  la  structure,  avec  une  polarite  telle  que  les  diodes  se  trouvent  passantes,  un  courant  dans 
le  sens  direct  circule  et  charge  la  capacite  des  diodes.  Celles-ci  se  retrouvent  ensuite  polarisees  en 
inverse  et  les  charges  ainsi  stockees  ne  s'eliminent  que  tres  lentement  au  ry thine  du  courant  inverse  des 
diodes.  Ce  courant  est  de  I'ordre  de  quelques  nA/cm^  A temperature  ambiante  dans  le  cas  present  et  les 
charges  restent  ainsi  stockees  pendant  plus  de  10  secondes  dans  l 'osbscuri te. 
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Toute  illumination  accelere  le  phtnomfcne  de  decharge  et  un  temps  T apres  la  fin  de  1* impulsion 
de  charge,  la  charge  stockte  aura  diminue  d'une  quantity  tgale  en  premiere  approximation  au  nombre  de 
photons  re<;u  par  chaque  diode.  A cet  instant  on  peut  venir  relire  la  charge  temanente  en  effectuant  une 
experience  de  convolution  du  type  de  celles  decrites  precedemment  (voir  aussi  Fig.  6a).  Le  rendement  non 
lineaire  C diminuant  avec  la  charge  stockee  qs,  le  signal  obtenu  represente  une  image  positive  du  profit 
d' illumination. 


La  Fig.  7 represente  les  variations  du  signal  de  convolution  avec  le  niveau  d ' ec lai reraent  pour 
divers  temps  T d ' integrat ion,  et  dans  le  cas  ou  la  precharge  initiate  diminue  le  rendement  non  lineaire 
de  prds  de  20  dB.  La  dynamique  d'eclai rement  est  alors  limitee  A quelques  10  A 20  dB,  raais  elle  est  ajus- 
table  sur  plus  de  60  dB  en  choisissant  le  temps  d' i ntegrat ion.  Des  seuils  d' eclai rement  aussi  faibles  que 
1(T3  pW/cra-  peuvent  etre  atteints  A condition  de  choisir  T Z 1 s , ce  qui  limite  d'autant  la  frequence  de 
lecture . 

Une  autre  methode  de  lecture  apres  integration  photonique  est  schematisee  sur  la  Fig.  6b.  Elle 
consiste  A stocker  un  reseau  de  charges  par  battement  de  deux  ondes  contradirectionnelles  (ce  battement 
correspond  au  terme  FG  dans  I'Eq.  (4)).  La  charge  decroit  corane  precedemment  avec  le  temps  et  la 

charge  residuelle  est  lue  au  bout  d'un  temps  T au  moyen  d'un  seule  onde  breve  A la  frequence  2u»  ; c'est- 
[ * A-dire  de  nombre  d'onde  2k  adapte  A celui  du  reseau  stocke.  L' image  resultante  est  alors  negative  et  le 

reseau  de  courbes  de  sensibilite  A l ' ec lai rement  est  donne  en  Fig.  8.  La  dynamique  d' eclairement  est 
d'environ  20  dB,  ajustable  corame  dans  le  cas  precedent. 

Ces  modes  de  balayage  par  precharge  permettent  d'obtenir  une  plus  grande  dynamique  du  signal 
electrique  de  sortie,  ce  qui  les  rend  plus  faciles  d'emploi.  La  Fig.  9 est in  exemple  simple  d' images 
obtenues  pour  trois  niveaux  d ’ ec lai rement  differents  correspondant  a une  raerae  energie  lumineuse  regue.  La 
resolution  est  de  I'ordre  de  1 inn.  Le  balayage  vertical  est  obtenu  par  des  moyens  mecaniques. 

3.  - LECTURE  PAR  TRAITEMENT  D' IMAGE . 

Dans  les  modes  de  balayage  par  impulsion  breve,  l'obtention  d'une  haute  resolution  necessite 
I'utilisation  d' impulsions  breves  de  bande  Bc,  ce  qui  diminue  le  signal  de  sortie  et  s fait  au  detriment 
du  rapport  signal  A bruit.  Si  les  signaux  sont  des  codes  de  longue  duree  de  meme  larg.  r de  bande,  le 
signal  de  sortie  represente  une  transformee  de  1 ' image  et  par  un  filtrage  adapte  approprie,  on 

peut  ope re r la  transformation  inverse. 

Pour  demontrer  ce  principe,  considerons  le  cas  de  la  transformee  de  Fresnel.  Le  systeme  est 
represente  sur  la  Fig.  10.  Deux  signaux  lineairement  modules  en  frequence  sont  envoyes  sur  les  transduc- 
teurs  extremes  du  dispositif  ; leurs  frequences  sont  u>  i ♦ pit  et  u>2  - p2 t respect  ivement . En  presence 
d'une  grille  de  pas  p ■ 2nv/(u)j  - u»i)  on  montre  que  le  signal  de  sortie  en  presence  d'une  illumination 
I(z)  est  de  la  forme  : ji.  - P2  ? ? ? 

j(ii>.>  u>2)  r j|  — ^ — 1 (t^  + z /V  ) - (pj  - u2)  tz/v] 

H(t)  * e J I (z)  e . dz  (7) 

Quand  les  pentes  pj  et  P2  sont  differentes,  H(t)  est  la  transformee  de  Fresnel  de  I(z).  Pour  un  point  A 
I'abscisse  z , le  signal  de  sortie  est  une  rampe  FM  de  pente  p.  -p  et  de  duree  egale  ^ celle  des 
signaux  d'entree  et  d'excursion  de  frequence  Bs  - (p.  - p*>)  Tc/2ti.  On  restitue  done  1' image  au  moyen  du 
filtre  dispersif  adapte  A la  pente  p|  - p2* 

On  montre  alors  les  trois  resultats  suivants  : 

a)  La  vitesse  apparente  de  balayage  est  ralentie  dans  le  rapport  (pj  - p 2 ) / ( V1  j + ct  temPs  de  ligne 
Tc  peut  etre  beaucoup  plus  long  que  le  retard  acoustique  interne. 

b)  La  limite  de  resolution  ^z  est  fixee  par  la  bande  totale  de  frequence  utilisee  Bc  ■ v/az  comme  dans  le 
cas  du  balayage  par  impulsion  breve.  Le  nombre  de  points  resolus  est  N - L/A  . 

c)  A resolution  identique,  la  technique  par  transformee  d' image  permet  un  gain  en  rapport  signal  a bruit 

d'une  valeur  G » T B . 

c c 

Dans  1 'exemple  d'une  ligne  TV,  N ■ 300,  Tc  ■ 60  ps,  Bs  ■ S MHz  on  pourrait  utiliser  un  dispo- 
sitif acoustique  avec  un  retard  interne  de  6 ps,  une  bande  Bc  - 50* MHz.  Le  gain  de  traitement  serait  alors 
de  35  dB. 

Au  moyen  d'un  convoluteur  A semiconduc teur  massif  et  d'une  grille  de  pas  p * 0,175  mm,  il  a 
ete  obtenu  les  images  representees  sur  la  Fig.  II  (GAUTIER,  KINO,  SHAW,  1974).  Les  caraeter ist iques  des 
signaux  d'entree  etaient  Tc  • 25  ps,  Bc  * 17,5  MHz  et  L ■ 12,5  mm.  La  resolution  est  en  fait  limitee  par 
le  pas  de  la  grille  et  elle  vaut  environ  0,25  mm. 

D'autres  transformees  sont  envisageables.  En  particulier  si  les  pentes  P|  et  P2  sont  egales, 
I'Eq.  (7)  montre  que  le  signal  de  sortie  est  la  transformee  de  Fourier  de  1' image.  Un  analvseur  de  spectre 
ou  un  deuxieme  convoluteur  permet  de  reconstituer  1' image.  L' image  resultante  ben£ficie,  A nouveau,  de 
I'effet  d' integration  temporelle  et  spatiale.  Le  rapport  signal  a bruit  s'en  trouve  augmente  et  la 
vitesse  de  balayage  est  variable. 


Pour  ces  deux  types  de  transformees,  la  frequence  dans  le  signal  de  la  transformee  correspond 
A I'abscisse  dans  l' image  reconstitute.  Ainsi  toute  limitation  de  la  bande  du  canal  de  transmission  entre 
le  se~seur  et  le  decodeur  entratnera  la  perte  du  pourtour  de  1 'image.  Mais  on  montre  que  la  resolution  du 
reste  de  l 'image  sera  conservee  dans  le  cas  de  la  transformee  de  Fourier,  ou  un  peu  deterioree  dans  le  cas 
de  la  transformee  de  Fresnel.  Les  Fig.  II  b,c,d  montrent  I'effet  sur  l 'image  reconstitute  d'une  limitation 
artificielle  de  la  largeur  de  bande  du  signal  transformee.  Un  filtrage  rejecteur  des  frequences  hautes  ou 
basses  du  signal  transformee  de  Fresnel,  entraine  la  perte  de  I'extremite  droite  ou  gauche  de  1' image, 
sans  diminution  appreciable  de  la  resolution  sur  le  reste  de  l 'image. 


i 
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L'emploi  des  techniques  de  traitement  du  signal  permet  de  s'affranchir  des  probl ernes  de  dyna- 
mique  : la  sensibilite  du  lerteur  n'est  plus  une  fonction  du  nombre  de  points  resolus.  Far  ailleurs,  ces 
techniques  permet tent  une  plus  grande  souplesse  d ' uti 1 i sat  ion.  Enfin,  dans  le  cas  de  transmission  d'images, 
il  est  souvent  avantageux  de  transmettre  la  transfcrmee  de  1* image  et  non  son  original e,  soit  pour  reduire 
la  bande  passante  du  signal  transmis,  soit  pour  reduire  1' influence  de  curtains  parasites  sur  le  canal  de 
transmiss ion. 

4.  - EXTENSION  AU  BALAYAGE  B1DTMENSI0NNEL. 

Nous  n'avons  presente  jusqu'a  maintenant  que  des  dispositifs  capables  de  balayer  une  ligne 
d'images.  Feu  d'etudes  ont  en  effet  ete  faites  a ce  jour  en  vue  d'obtenir  un  balayage  acoustique  bidimen- 
s ionnel . 

Deux  schemas  ont  ete  proposes.  Le  premier  (voir  Fig.  12a)  consiste  a juxtaposer  les  lignes  et  a 
les  lire  sequentiel lement . Chaque  onde  de  surface  est  necessai remcnt  guidee  pour  ameliorer  la  resolution 
laterale  et  la  diaphonie  entre  lignes.  Une  telle  structure  peut  comporter  par  exemple  autant  de  transduc teurs 
d 'entree  que  de  lignes,  la  sortie  est  commune  a toutes  les  lignes  et  seules  les  entrees  sont  commutees. 

Toutes  les  methodes  de  balayage  avec  ou  sant  traitement  deer: tea  dans  les  sections  1,  2 et  3, 
sont  appiicables  ici  si  1 'on  suppose  une  lecture  sequentielle  des  lignes.  II  est  en  outre  possible  de  dispo- 
ser simul tenement  de  tous  les  signaux  lignes  ou  de  leurs t ransformees . 

Les  seuls  essais  concernant  une  telle  structure  ont  ete  faits  sur  un  dispositif  comport ant  trois 
lignes.  Une  resolution  laterale  de  0,4  mm  pour  une  diaphonie  de  -20  dB  a ete  mesuree  (ADAMS  et  al,  1975). 

Nous  avons  imagine  un  autre  dispositif  qui  ije  necessite  pas  de  commutation  de  lignes.  11  est 
base  sur  1 ' interaction  non  lineaire  de  deux  ondes  (u>|  , kj)  et  (u>2 , k2)  se  propageant  suivant  des  directions 
differentes.  Le  schema  de  principe  est  represente  sur  la  Fig.  12b.  Deux  ondes  planes  issues  de  deux  trans- 
ducteurs  Tj  et  T^,  se  croisent  en  un  point  P.  De  la  meme  fa<jon  que  dans  le  cas  colineaire,  si  le  milieu  est 
non  lineaire  et  photosens ib le , 1 ' interact  ion  des  deux  signaux  donnera  naissance  a un  signal  dont  1 'amplitu- 
de sera  fonction  de  l 'eclai rement  du  point  P.  Celui-ci  se  deplace  a vitesse  constante  sur  une  droite  qui 
est  le  lieu  des  points  d ' intersection  des  deux  plans  d'onde.  Pour  balayer  toute  une  surface,  il  suffit  de 
faire  varier  a chaque  recurrence  le  temps  de  retard  entre  les  deux  impulsions  d'entree.  La  frequence  il  et 
le  vecteur  d'onde  K du  signal  de  sortie  sont  donnes  par  : 


La  vitesse  de  phase  ft/K  du  signal  d' interaction  ne  correspondent  pas  a un  mode  propre  de  propagation,  il 
est  necessaire  de  recueillir  le  signal  de  sortie  en  realisant  un  accord  de  phase  au  moyen  d'un  reseau 
d'electrodes  de  pas  p * 2n/K.  Un  reseau  de  diodes  tel  que  celui  decrit  precedemment  pourrait  etre  utilise 
a cette  fin.  Il  est  aussi  possible  de  Stocker  le  reseau  de  pas  p sous  forme  d'un  reseau  de  charge. 

Enfin,  **1  faut  noter  qu'il  est  possible  de  lire  la  transformee  bidimensionnel le  de  Fourier  de 
l'image  en  operant  un  balayage  ligne  a ligne  dans  l'espace  transforme.  11  est  alors  necessaire  de  disposer 
de  plus  de  2 transducteurs  et  de  signaux  modules  en  frequence.  La  reconstruction  de  l'image  est  alors  envi- 
sageable  au  moyen  de  dispositifs  analogues  pouvant  memoriser  sur  une  surface  le  signal  transforme  . Ces 
principes  n'ont  pas  encore  ete  verifies  experimentalement  mais  ils  peuvent  ouvrir  la  voie  a de  nouvelles 
techniques  de  reconnaissance  de  forme. 

En  conclusion,  nous  avons  essaye  de  comparer  dans  le  Tableau  I les  nrincipales  carac teri s tiques 
des  systemes  de  lecture  d'image  utilisant  des  dispositifs  a transfert  de  charge  (CCD)  ou  a injection  de 
charge  (CID)  et  de  ceux  qui  employent  des  ondes  acoustiques  de  surface  OAS. 

- TABLE  I - 

Principales  caracteristiques  des  dispositifs  de  lecture 
d'images  optiques  employant  des  CCD/C  ID  ou  des  OAS 


Dispositifs  CCD  ou  CID 


Bande  de  base 
Echanti 1 lonne 
Monol i thique 


Lecture  CCD 

Sequentielle  ou 
parallele  des 
lignes 

Destructive 


Lecture  CID 


Aleatoire  des 
poi nts 

Non  destructive 


Dispositifs  a OAS 


Haute  frequence  (VHF) 
Analogique 

Milieux  separes.  (Une 
version  integree  existe) 

Lecture  acoustique 


. Sequentielle  ou  parallele 
des  lignes 

. Non  destructive 


Avec  traitement  d'image 


Resolution  obtenue  ' 50  urn  3 100  U m 

. . . . -3  2 

Seuil  de  sensibilite  I 10  uW/cm 

Dynamique  d ' ec lai rement  T 50  dB 
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Dans  les  systemes  A CCD/C1D  les  fonctions  senseur  et  lectour  sent  int£gr€cs  dans  un  me  me 
substrat  semi conduc teur , ce  qui  rend  la  structure  roonol i thique . Les  systemes  de  lecture  acoustique 
decrits  dans  cet  article  presentent  un  film  d'air  et  necessitent  un  plaquage  mecanique  du  senseur  sur 
le  substrat  pidxoelectr ique.  l)es  structures  stables  et  homogenes  ont  et d ainsi  realisees.  Paral 1 element 
la  recherche  de  solutions  monol i thiques  se  poursuit.  II  faui  citer  on  particulier  les  structures  inte- 
grees  dans  lesquelles  une  couche  piezoe lect rique  mince  de  ZnO  est  deposee  sur  le  senseur  semi conduc teur 
en  Silicium  (KHURI-YAKUB,  1974).  Des  transducteurs  interdigit£s  sont  Svapores  sur  la  surface  du  materiau 
piezoelectr ique  qui  permettent  de  g^nerer  les  ondes  acoustiques  necessaires  au  halavage.  Des  lecteurs 
optiques  unidimensionnels  ont  etc  const ruits  qui  ont  une  largeur  de  bande  de  20  MHz  cor respondant  A une 
resolution  de  quelques  centaines  de  pm. 

Les  caracteri st iques  de  sensibility  A l '€claireraent  et  de  resolution  des  systemes  a CCD/CID 
ou  OAS  sont  similaires  car  les  senseurs  utilises  sont  du  memo  type.  Les  valours  obtenues  sont  de  1 'ordre 
de  10”-  lux  et  100  pm  respect iveraent . 

Enfin,  la  lecture  acoustique  est  essent iel lement  non  destructive  et  les  dispositifs  compor- 
tent  en  general  une  electrode  integratrice  : ceci  permet  de  traitor  "in-situ"  1 ' information  opt ique.  Cette 
option  n'a  pas  pas  d'equivalent  dans  les  autres  techniques.  Kile  est  part icul ierement  interessante 
'rsqu’il  s'agit  de  transmettre  1 * inf ormat ion  ; et  elle  doit  s'averer  tres  utile  dans  les  systemes 
d'imagerie  bidimensionnelle , permet tant  ainsi  d'obtenir  des  transformees  bidimensionnel les  d' images 
(spectre,  correlation  ...). 
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DISCUSSION 


J.J.  Stapleton 

What  benefit  Joes  your  technique  have  over  the  modulation  of  the  vidieon  (Sh:  S, ) tltermionie  cathode  with  the 
chirp  or  with  feedback  from  the  photocathode? 

Authors  Reply 

It  is  non-destructive.  We  are  concerned  with  the  transform  itself  more  than  the  image. 


Illumination 


- ~ Methode  de  reduction  du  signal  d'obscurite  par  introduction  d’une  grille  dans  le  faisceau  optique 


prechorge  a t~0 


I/2>  Hz) 

fa)  ( b) 


!•  6 ” Methode  d'imagerie  beneficiant  de  1 ' integration  de  photons  dans  le  senseur  : 

a)  Precharge  uniforme  des  diodes  puis  lecture  par  interaction  non  lineaire  de  deux  ondes  a la 
meme  frequence 

b)  Precharge  spatial lement  periodique  des  diodes  puis  lecture  au  moyen  d’une  onde  acoustique. 


SIGNAL  DE  SORTIE  (dB)  i-v  Signal  DF  Sortie  (dBm) 
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ILLUMINATION  (fjw/cm1) 


g.  7 - Sensibilite  & 1 'eclai rement  dans  le  mode  de  lecture  de  la  Fig.  6a.  Le  paramotre  T est  le  temps 
separant  1' instant  de  precharge  de  celui  de  la  lecture. 


Fig.  8 - Sensibilite  h 1 * ec lai rement  dans  le  mode  de  lecture  de  la  Fig.  6b. 
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APPLICATIONS  OF  A CHARGE  COUPLED  DEVICE  SENSOR 
FOR  NAP-OF-THE-EARTH 
HELICOPTER  OPERATIONS 
A.  KLEIDER 

US  Army  Electronics  Command 
Fort  Monmouth,  NJ 

SUMMARY 


The  unique  geometric  characteristic  of  a wire  obstacle  has  been  conceptually  integrated 
with  the  discrete  elemental  structure  of  a Charge  Couple  Device  (CCD) . This  quantized 
detector  structure  provides  a means  for  formulating  a Wire  Obstacle  Warning  System  (WOWS) 
utilizing  advances  in  technology  to  arrive  at  a low  cost  system  for  use  by  helicopters 
flying  Nap-of-the-Earth  (NOE) . 

WOWS  employs  a CCD  detector  array  and  other  monolithic  semiconductor  devices  to  achieve 
small  size,  lightweight,  and  low  cost.  The  video  information  is  logically  processed  to 
provide  a symbolic  display  of  the  range  and  location  of  the  wire  obstacle  relative  to 
the  aircraft  heading  as  well  as  an  audio/visual  alarm  for  the  pilot. 

The  concept  of  single  site  activation  (SSA)  provides  a means  of  achieving  wire  pattern 
recognition  which  removes  the  requirement  of  having  a human  observer  in  the  detection/ 
recognition  loop. 

1 . GENERAL  PROBLEM  t.  HISTORY 

The  problem  of  wire  strike  incidents  as  related  to  helicopter  operations  has  been  evid- 
ent since  the  earliest  days.  The  delicate  stability  of  these  aircraft  leave  them  part- 
icularly vunerable  to  contacts  with  even  the  smallest  wires.  In  addition,  in  many  in- 
stances loose  wires  become  enmeshed  in  the  rotor  and  mast,  thereby  interferring  with 
the  flight  control  systems.  Obviously,  contact  with  larger  wi.cs  such  as  power  lines, 
are  usually,  catastrophic.  In  fact  a single  6cm  diameter  power  line  in  VietNam  account- 
ed for  no  less  than  fourteen  separate  crashes. 

The  statistical  history  of  helicopter  wire  strikes  reflects  the  costs  in  human  and  fis- 
cal resources.  Even  neglecting  the  exigency  of  war  time  operations,  wire  strikes  con- 
tinue to  plague  the  Army  and  civilian  aviation  community  to  the  extent  of  approximately 
four  incidents  fer  month.  These  statistical  facts  must  be  weighed  in  the  light  of 
existing  operational  doctrine.  These  doctrines  primarily  reflect  (1)  the  tactical  em- 
ployment of  such  aircraft,  and  (2)  the  survivability  of  helicopters  in  the  age  of 
"smart"  weapons. 

The  tactical  dictates  related  to  simple  survival  include  (1)  Nap-of-the-Earth  (NOE) 
operation,  and  (2)  nighttime  operation.  A third  dictate  includes  an  all  weather  cap- 
ability. However,  from  a practical  point  of  view  this  must  be  modified  to  weather  con- 
ditions less  than  ideal  but  not  zero-zero. 

The  meanings  of  these  dictates  and  their  precise  definitions  are  worth  including  here  so 
that  the  extent  of  the  wire  obstacle  problem  can  be  appreciated.  The  term  NOE  includes 
flight  regimes  at  altitudes  under  twenty  meters.  In  some  instances  the  skid/terrain 
clearance  may  be  one  to  two  meters.  The  term  nighttime  includes  twilight  (3xl0~^  foot 
candles)  to  dawn  (40  foot  candles)  with  illumination  levels  as  low  as  6xl0-'  foot  candles 
(moonless  night' . 

These  definitions,  combined  with  the  operational  specifications  relative  to  the  aircraft 
forward  velocity,  lift  capabilities,  and  pilot  reaction  time,  delineates  the  nature  of 
the  problem.  In  the  case  of  wire  obstacles  the  physical  size  of  the  objects  and  the 
distances  at  which  detection  and  recognition  must  occur  if  an  avoidance  maneuver  is  to 
be  accomplished  not  only  makes  the  problem  a difficult  one  but  also  limits  the  tech- 
niques which  can  be  applied  to  achieve  the  desired  ends.  Practical  dictates  for  the 
parameters  of  concern  provide  for  wires  as  small  as  3 millimeters  at  ranges  of  300  meters 
to  500  meters.  Thus  the  targets  encompass  a field  of  view  (FOV)  in  one  dimension  of 
from  6 to  10  micro-radians.  This  number  is  an  order  of  magnitude  below  the  resolution 
capability  of  the  human  eye  for  high  contrast  targets.  Pilots  equipped  with  night  vision 
devices  can  clearly  discern  most  objects  in  quarter  moonlight  situations  to  permit  the 
nighttime  equivalent  of  Visual  Flight  Rules  ( VFR)  operation.  With  specially  trained 
pilots  the  adapted  but  unaided  human  eye  is  sufficient  to  permit  night  flight  in  familiar 
areas.  However  none  of  these  techniques  is  remotely  possible  where  wires  are  likely  to 
be  encountered.  It  is  imperative  that  a reliable  means  of  detecting,  recognizing,  and 
avoiding  (DRA)  wire  and  wire  like  objects  be  developed.  Such  a device  is  an  absolute 
necessity  if  the  Army  is  to  have  the  capability  of  using  helicopters  in  a war  time  situ- 
ation and  equally  necessary  if  real  time  training  of  pilots  for  such  NOE/nighttime  opera- 
tions is  to  be  accomplished  with  any  margin  of  safety. 
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2.  EMERGENT  TECHNIQUES  k CONCEPTS 

2.1  BACKGROUND 

The  problem  ot  a suitable  solution  to  reliable  wire  detection  has  been  invest  igated 
tor  the  past  ten  years.  Figure  1 shows  a techniques  tree  of  ruccessful  and  unsuccessful 
methods  for  wire  obstacle  avoidance  systems  which  have  been  explored  at  the  US  Army 
Avionics  Laboratory,  fort  Monmouth,  NJ . Table  1 expands  the  detailed  coverage  of  these 
techniques.  These  techniques  merely  serve  as  a historical  backdrop  for  the  focus  of 
this  presentation  which  is  the  Wire  Obstacle  Warning  System  (WOWS)  whose  principal  com- 
ponent is  a Charge  Coupled  Device  (CCD). 

2.2.  THE  WOWS  CONCEPT 

The  use  of  a CCD  m the  WOWS  constitutes  a conceptual  breakthrough  in  the  wire  DRA  en- 
vironment, and  holds  the  promise  ot  providing  a solution  to  the  wire  strike  problem 
with  the  desirable  properties  of  being  lighter,  smaller,  cheaper , and  above  all,  reli- 
able . 

The  WOWS  program  represents  a marriage  of  matching  characteristics  relating  to  the 
appropriate  description  of  the  targets  and  the  physics  of  the  detection/recognition 
device.  This  compatibility  of  detector  and  target  is  expressed  by  the  principal  goal 
ot  WOWS , i.e.  to  detect  and  discriminate  wires  from  everything  else  within  the  field 
of  view  ot  the  device.  This  is  jx^ssible  because  a wire  has  a visual  signature  which 
is  unique.  In  a sense  the  very  physical  essence  which  creates  the  problem  of  wire 
detection  and  recognition  also  provides  the  key  to  its  solution. 

While  the  world  ot  our  everyday  experience  is  three  dimensional  and  we  are  familiar 
with  conventional  two  dimensional  representations,  there  are  few  quasi-one  dimensional 
objects  which  exist  in  our  experience.  The  smallness  of  the  diameter  of  the  wire  strains 
the  acuity  of  the  human  eye  and  other  optical  systems,  while  the  extended  nature  of  its 
length  provides  a high  degree  of  regularity  which  is  useful  and  important  for  WOWS. 
Fundament  a 1 ly  WOWS  is  an  automated  recognition  system  and  does  not  constitute  an  imaging 
device.  The  unique  signature  of  the  wire  as  a one-dimensional  object  combined  with  the 
geometric  reqularit'  in  the  extended  dimension  provides  an  ideal  match  to  the  linear  CCD 
IxM  array.  Where  the  value  of  M in  the  array  is  large,  such  as  the  Fairchild  CCD  121 
(M  1728),  it  is  jxvssible  to  get  very  high  resolution.  By  orienting  the  high  resolution 
axis  orthogonal,  or  at  a large  angle  to  the  lineal  dimension  of  the  wire  good  detection 
cross-sect  ion  can  be  obtained.  Simultaneously  a coarser  scan  orthognal  to  the  diameter 
will  accurately  exhibit  the  geometric  regularity. 

Physical  Insight  into  the  processes  which  govern  the  WOWS  were  derived  from  the  results 
ot  the  Gated,  Low  Light  Level  TV  (GV  'tv ) program.  (Kleider,  A.,  ’75).  The  success  of 

the  GL 'TV  technique  was  directly  attributable  to  the  sulelobe  structure  of  the  Si  target 
in  the  West  inghouse  WX-)lb77  Intensified  Silicon  Target  (1S1T)  tube  and  a VL- .1179.1  Camera 
tube.  In  systems  employing  other  nitons 1 1 ler  ' read-beam  systems  their  limited  MTF  cap- 
abilities precluded  the  resolution  of  wire  objects.  This  lack  of  resolution  capability 
combined  with  the  low  0 characteristic  of  the  point  spread  function  for  small  sized 
objects  in  an  1SEC  type  tube  rendered  them  incapable  of  detecting  wires.  However,  it 
was  initially  discovered  experimentally  that  wires  as  small  as  1mm  and  as  far  away  as 
iKm  could  be  discerned  for  an  IS1T  based  system  with  a pulse  illuminator  and  a narrow- 
gated intensifier  camera.  In  this  test  a 410mm,  T2.0  lens  with  a 5.6  degree  FOV  was 
used.  Figure  2 shows  the  camera  mounted  on  a UH-1  helicopter  and  figure  1 shows  the 
results  obtained  at  a range  of  2.25  kilometers  in  a ground  test.  The  wires  shown  are 
icm  diameter  and  6mm  diameter  as  illuminated  by  a 0.6  watt  GaAs,  15Kllz  system. 

The  important  feature  of  these  results  was  the  apparent  and  reliable  display  of  objects 
beyond  the  resolving  capability  of  the  system.  The  hypothesis  which  evolved  to  explain 
this  result  attributed  the  observed  performance  to  the  discrete  nature  of  t lie  Si  target 
m the  IS1T  (Kleider,  A.,  '74|.  The  individual  Si  diodes  which  constituted  the  infor- 
mation storage  media  in  the  image  tube  were  approx imately  5 microns  on  each  side.  In 
practice  the  electron  read  beam  encompassed  more  than  one  diode  and  the  resultant  video 
was  an  average  over  those  diodes  within  the  read  beam  diameter.  However  the  discrete 
nature  of  the  tarqet  effectively  quantized  the  low  0 point  spread  function  which  char- 
acterized the  wire  while  the  extended  dimension  pi  educed  sufficient  contiguous  charged 
elements  to  yield  a suitable  video  output.  Essentially  it  was  postulated  that  while  the 
object  may  be  imaged  on  less  than  a whole  receptor,  the  receptor  can  take  on  a charge 
proportional  to  the  total  integrated  intensity  and  respond  accordingly.  The  "image"  is 
not  resolved  but  its  presence  is  discerned.  Thus  for  a wire  whose  diameter  is  twice 
that  ot  a similar  wire,  but  where  neither  wire  completely  fills  the  detector  element, 
the  resultant  "image"  can  not  be  measured  to  provide  information  concerning  the  size  ot 
each  ot  the  wires,  ie,  the  larger  wire  may  be  twice  as  bright  but  the  "image"  size  will 
be  t he  same . 

The  apparent  success  of  the  GL *TV  system  with  the  1S1T  tube  was  clouded  by  several  nega- 
tive factors.  These  include  the  probable  high  cost  of  such  a device  and  the  need  to 
provide  a kxlicatol  crew  member  to  monitor  the  display  while  operating  NOE.  This  lattet 
factor  is  by  tar  the  more  serious  and  limiting  in  that  the  variables  in  human  precept  ion 
ot  displays  are  unacceptable  for  the  establishment  ot  meaningful  Standard  Operating 
Procedure  for  nighttime  NOF  operations.  However,  the  tesults  of  the  Gl.'TV  program  and 
the  analysis  of  those  results  have  provided  the  key  to  the  concept  which  will  provide 
a predictable,  reliable,  and  low  cost  system. 
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The  recognition  of  the  importance  of  the  unique  one  dimensional  signature  of  wires  and 
the  quantum-like  detector  for  a system  designed  to  detect  wires  was  significantly  en- 
hanced by  the  technological  development  of  Charge  Coupled  semiconductor  Devices  (CCD) . 
Whereas  the  size  and  cost  of  the  CCD  as  compared  to  an  ISIT  is  an  important  reason  for 
considering  CCD's  in  a wire  detection  system,  the  most  important  reason  for  their  use 
is  the  nature  of  the  device.  Unlike  the  ISIT  the  individual  elements  of  the  CCD  can  he 
probed  and  their  information  content  used  to  detect  and  recognize  wires.  The  physical 
size  of  the  CCD  elements,  as  shown  in  figure  4,  are  comparable  to  the  elemental  diodes 
in  ISIT.  Since  wires  of  interest  and  concern  have  angular  intercepts  in  the  range  of 
0.1  mr  to  0.01  mr,  their  image  in  the  focal  plane  of  the  CCD  constitutes  less  than  one 
pixel.  The  ability  to  interogate  each  pixel  in  the  CCD  combined  with  the  one  dimension- 
al signature  of  the  wire  can  be  merged  to  yield  a suitable  recognition  algorithm. 

2.3  WIRE  OBSTACLE  WARNING  SYSTEM 


Details  pertaining  to  the  physics  and  electronics  of  the  CCD  can  be  found  in  the  litera- 
ture (Amelio,  G.F.,  '74;  Barbe,  D.F.,  '75,*76i  Jespers,  P.G.,  '76;  Sequin,  '75|,  however 
it  is  appropriate  to  comment  upon  a unique  feature  of  CCD's.  Whereas  previous  semi- 
conductor devices  such  as  transistors  result  in  modulated  voltages  or  currents  the  CCD 
is  effectively  a device  which  manipulates  information  bytes.  These  "bytes"  can  be  two 
leveled,  ie.,  "0"  or  "1"  in  standard  digital  format  or  they  can  be  multileveled  such  as 
a shades  of  grey  scale  to  produce  an  image.  Simpl ist lea  1 ly  a CCD  possesses  three 
attributes;  (1)  An  input;  (2)  A charge  coupling  mechanism,  and  (3)  An  output.  The  input 
stores  quantized  bytes  of  "scene"  information  which  are  transferred  in  parallel  upon 
command  to  the  transfer  register.  The  charge  coupling  mechanism  moves  these  bytes 
sequentially  through  the  register  to  the  output  which  constitutes  the  video  signal. 

The  combination  of  wire  signature,  "byte"  construction  of  the  CCD,  and  the  sequential 
incremental  processing  of  the  fundamental  video  chain  yields  a simple  and  powerful 
means  of  detecting  and  recognizing  wires.  The  device  is  not  an  imaging  one  in  the 
common  sense  of  the  word.  It  is  a pattern  recognition  processer  which  is  combined  with 
other  electronic  subsystems  to  form  an  automatic  Wire  Obstacle  Warning  System  (WOWS) 

Assuming  that  only  the  wire  is  within  the  FOV  of  the  array,  (See  Figure  5)  and  there  is 
no  background  present,  if  the  video  output  is  digitized,  only  element  18  would  be  non- 
zero. For  an  object  such  as  a tree,  (See  Figure  6)  elements  22  through  32  would  be  non- 
zero. Since  the  intent  is  to  discriminate  wires  from  all  other  objects  in  the  world  the 
concept  of  Single  Site  Activation  (SSA)  has  been  implemented.  SSA  is  defined  as  the 
digital  algorithm  of  1010).  Orthogonal  to  its  diameter  the  wire  is  represented  by  a 
continuous  extended  target  whose  geometry  is  very  nearly  linear  (sectionally) . This 
provides  the  necessary  relationship  between  SSA  and  the  "scene"  scanning  mechanism  to 
describe  the  wire  to  the  decision  logic.  SSA  outputs  on  a Fairchild  1x1024  linear  array 
are  shown  in  figure  7.  The  lower  scope  trace  is  the  video  output  covering  approximately 
12  pixels.  The  SSA  for  two  one  mil  wires  is  clearly  evident.  The  upper  trace  mirrors 
the  lower  trace  except  that  the  video  has  been  thresholded.  The  data  shown  represents 
a single  scan  line  within  the  projected  FOV  which  the  WOWS  system  would  examine.  Assum- 
ing the  total  FOV  is  + 5°  in  elevation  and  + 15°  in  azinuth  (corresponding  to  an  area 

52.3  Meters  by  157  Meters  at  a distance  of  300  meters)  the  system  would  divide  the  space 
scanned  into  three  hundred  slices  with  an  instantaneous  FOV  of  175xl0~3  radians  in  eleva- 
tion by  10-4  radian  in  azimuth.  Each  slice  would  then  be  separated  by  1.75xl0-3  radians. 
This  is  shown  in  figure  8. 

Figure  9 shows  a matrix  N elements  lonq  by  M scans  wide.  To  each  SSA  detection  found  in 
a single  frame  there  is  assigned  a number  pair  which  can  be  stored  in  memory  and  dis- 
played on  command.  The  extended  geometry  of  the  wire  is  then  used  as  a means  of  identi- 
fying the  SSA  pattern  as  a wire  obstacle.  Several  modes  of  operation  are  possible.  The 
simplest  device  would  display  on  command  at  the  end  of  each  frame  the  SSA.  An  observer 
could  readily  discern  a wire  presence  even  where  a moderate  random  background  noise  was 
present.  A typical  display  of  this  type  is  shown  in  figure  10  for  several  backgrounds. 
These  results  were  produced  by  a computer  simulation  of  a WOWS  type  of  system. 


A second  and  more  sophisticated  approach  treats  each  SSA  found  in  a scan  as  either  the 
beginning  or  continuation  of  wire  detection.  Depending  upon  the  separation  between  scans 
a gate,  C-i  in  figure  11  is  selected  about  Xj  on  scan  Yi  + i.  This  section  of  the  scan 
line  is  then  emphasized  and  searched  for  SSA.  Assuming  SSA  are  found  on  Xj-3  and  Xi+7 
a second  gate,  Gj,  on  scan  Y^  + 2 is  set  and  this  area  searched  on  the  Yi  + 2 scan.  Each 
time  a correlation  is  found  within  the  gate  set,  the  next  one  is  narrowed.  Allowing  for 
deviations  from  the  predicted  line  shape  and  drop  outs,  the  number  of  correlations  re- 
quired to  establish  the  presence  of  a wire  will  reflect  the  system  false  alarm  rate. 
Initially  the  probability  of  detection  is  set  high  and  since  the  expected  signal  to 
noise  ratio  (S/N)  per  element  is  low  (implying  a high  false  alarm  rate)  the  statistical 
products  of  the  Poisson  distribution  rapidly  coverages  to  a system  false  alarm  rate 
acceptable  for  real  time  systems. 

The  practical  system  operational  requirements  imply  a hiqh  probability  of  detections, 
which  is  reflected  by  a low  threshold  setting  in  the  signal  digitizer,  and  a probability 
of  false  alarms  sufficiently  small  such  that  in  the  time  associated  with  NOE  operations 
none  or  at  most  one  false  alarm  will  occur.  The  factors  which  bear  upon  these  values 
are  (1)  the  S/N,  (2)  the  background,  (3)  the  wire  shape,  (4)  the  number  of  continuities 
required  in  the  decision  algorithm,  and  (5)  the  detection  array  configuration.  The 
desired  system  operating  values  are  a probability  of  detection,  Pti  of  0.98  and  a false 


.Warm  rate,  Pfa  of  10'*’  which  would  yield  one  false  alarm  per  hour  of  operation.  The 
desiqn  of  a WOWS  includes  a trade  off  analysis  of  those  factors.  The  S/N  and  the  con- 
tinuity requirements  as  they  influence  the  system  loqic  is  of  particular  importance. 

In  the  former  the  S/N  is  directly  tied  to  the  laser  illuminator  output  power  and  both 
cost  and  weight  are  proportional  to  this  characteristic.  In  the  latter,  the  physical 
memory  requirements  of  the  computer  sub-system  are  intimately  related  to  the  convergence 
requirements.  Here  again  system  size,  weight,  and  costs  are  at  stake.  Our  early  studies 
have  yielded  peak  power  requirem  nts  of  less  than  3KW  with  an  average  power  of  approxi- 
mately 0.1W.  Continuity  requirements  range  from  5 to  7 in  low  noise  situations  to  a 
maximum  of  13  in  a high  background  case.  These  values  have  been  verified  in  our  WOWS 
simulation  program  (Fairchild  Camera  Corp. , '76). 

As  shown  in  figure  1,  passive  systems  have  not  been  successful  as  wire  detectors.  The 
WOWS  concept  thus  includes  a laser  illuminator.  For  convertness  and  potential  low  in- 
put power  operation  a UaAs  diode  laser  has  been  selected.  With  its  principal  output  at 
0.9  microns,  which  is  beyond  the  responsivity  of  the  unaided  eye,  the  GaAs  is  well 
matched  to  the  response  of  the  CCD  Si  base  material.  Other  laser  illuminators  are 
potentially  useful  for  this  mode  of  operation.  VAC  lasers  operating  at  1.06u  can  provide 
10KW  -20KW  peak  power  outputs  with  good  efficiency.  However, at  l.Ofeu  the  Si  response  is 
down  by  approximately  3db  and  slight  changes  in  output  wavelength  as  the  TAG  heats  up 
can  result  in  drastic  changes  in  detectivity  since  the  response  curve  for  Si  falls 
rapidly  in  the  1 . Ou  to  l.lu  region  ot  the  spectrum. 

A short  pulse  illuminator  synchronized  with  a range  gated  detector  provides  a system 
tree  of  foreground  atmospheric  scattering.  Similarly  this  gated  operation  permits  us 
to  view  a restricted  volume  of  space  and  thereby  reduce  the  "scene"  background  which 
would  tend  to  limit  the  S/N  by  imposing  a high  threshold  value  for  the  digitizer.  How- 
ever the  principal  benefit  is  that  the  gated  operation  provides  range  data.  In  opera- 
tion the  system  will  have  an  adjustable,  but  fixed,  range-gate  setting.  Azimuthal  and 
elevational  scans  are  part  of  the  WOWS  however  the  longitudinal  scan  is  performed  by 
the  aircraft  itself  as  shown  in  figure  12.  Since  the  WOWS  logic  is  capable  of  recoqniz- 
mg  a wire  after  n continuities  which  fit  the  selected  algorithm,  the  total  FOV  which 
is  covered  by  M scans  is  divided  into  (M/n)  decision  elements.  The  corresponding  decis- 
ion FOV,  «j,  is  Or/(M/n).  The  distance  the  aircraft  moves  per  frame  is  v.ts  so  that  in 
one  decision  time  the  range  "blur"  is  (v . ts) / (M/n) . Typically  the  aircraft  velocity  in 
NOF.  is  30M/sec.  Estimate  of  the  decision  time  for  WOWS  is  50x10"^  sec  which  yields  a 
range  blur  of  1.5  meters.  When  an  initial  wire  warning  is  recoqnized  by  the  system  the 
range  indication  is  decremented  by  the  on-board  computer  in  accordance  with  the  measured 
ground  speed  until  such  time  that  the  pilot  releases  the  system. 

The  WOWS  configuration  is  shown  schematically  in  figure  13.  The  precise  design  is  still 
being  evaluated,  however  the  features  depicted  are  accurate.  The  CCD  selected  for  this 
fiyable  exploratory  model  of  WOWS  is  the  Fairchild  CCD  131  which  is  a 1024  linear  array. 
The  CCD  will  be  integrally  affixed  to  an  40  mm  ITT  microchannel-plate  amplifier  (MCP) 
coupled  to  a fiber  optic  minifier.  The  MCP  has  external  provisions  for  gating  the  in- 
tens  if  ler  on  and  off. 

The  illuminator  is  a GaAs  pulsed  array  with  a peak  power  capability  of  3KW  and  a vari- 
a . le  pulse  width  in  the  range  of  50  nanoseconds  to  100  nanoseconds.  Illumination 
uniformity  is  achieved  with  an  optical  integrator  interfacing  with  the  illuminator 
field  optic. 

The  logic,  memory,  and  computer  are  microprocessor  systems  similar  to  the  Intel  8080. 
Where  ever  possible  I. SI  components  will  be  employed  to  minimize  size,  weight,  cost,  and 
power  requirements. 

The  scanning  mechanism  consists  of  pair  of  stepped  rotary  tables  driven  by  precise  scan 
generators.  No  attempt  is  made  to  provide  a stabilized  platform,  however  scan  to  scan 
results  are  sensed  and  computer  reconstructed  to  accommodate  for  aircraft  attitudinal 
changes.  This  data  is  derived  l rom  an  AN/ASN-118  on-board  sensor.  This  technique  is 
roughly  equivalent  to  image  motion  stabilization. 

The  total  FOV  of  the  system  is  + 6 degrees  in  elevation  and  + 20  degrees  in  azimuth  cen- 
tered about  the  aircraft  flight  vector. 

The  display  can  be  a conventional  CRT  with  an  appropriate  symbol  generator.  However  the 
display  does  not  require  high  resolution  therefore  the  possibility  of  employing  an  X-Y 
addressable  flat  plate  display  is  a definite  consideration.  In  addition  an  audio  alarm 
coupled  into  the  aircraft  intercom  system  is  included. 

3.  CONCLUSIONS 

Based  upon  the  concept  feasibility  programs  (Fairchild  Camera  Corp.,  "7t>(  recently  com- 
pleted we  have  experimentally  verified  the  SSA  concept.  This  result  combined  with  a 
simplified  algorithm  has  demonstrated  a wire  recognition  capability  even  in  a very 
cluttered  background.  These  results  coupled  with  the  one  dimensional  description  of  a 
wire  offer  a potential  solution  to  the  wire  detection/recognition  avoidance  problem 
under  low  light-level  conditions.  This  system,  the  WOWS,  utilizes  modern  advanced 
technology  and  can  reasonably  be  projected  to  provide  this  wire  avoidance  function  in  a 
small,  lightweight,  and  low  cost  system.  The  WOWS  has  the  further  advantage  of  being 
totally  independent  of  human  variables  associated  witli  obiect  recognition.  This  will 
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result  in  a system  with  rigorously  predictable  characteristics  and  a system  which  does 
not  increase  the  work  load  of  the  aircraft  crew  when  operating  NOE. 
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TABLE  I 

Wire  Detection  Techniques 


SYSTEMS  MODE RESULTS  AND  COMMENTS 


RADAR 

60  MHz  -*-95  GHz 

ACTIVL 

( DETECTION  GOOD  ONLY  WHEN  NORMAL  TO  WIRE 

( SPATIAL  LOCATION  OF  WIRE  VERY  POOR  FOR  REASONABLE  SUE  ANTENNA 

1 GROUND  CLUTTER  1 FALSE  ALARM  RATES  VERY  HIGH 
» CONCLUSION  ---  HOT  USABLE 

ELECTROMAGNETIC  FIELD  DEVICE 

PASSIVE 

« DETECTION  A LOCATION  POOR 
« CONCLUSION  ---  NOT  USABLE 

LASFR 

LOTAWS  (10.6/m  ; C0?) 

ACTIVE 

t DETECTION  & LOCATION  GOOD  (3cm.  DIA  WIRES  AT  I.SKm) 

« DETECTION  AT  60  DEGREES  OFF  NORMAL 
• MULTIFUNCTION  CAPABILITY 

1 FLIGHT  TESTS  OF  EXPLORATORY  DEVELOPMENT  MODEL 
« CONCLUSION  ---  A VIABLE  TECHNIQUE 

L 100  (1.6m.  Kd-YAG) 

• LIMITED  RISULTS.  LOW  REP  RATE 

GATED  LOW  LIGHT  LEVEL  TV 
(GaAs  llliminator) 

• DETECTION  A LOCATION  GOOD  (3m  DIA  WIRE  AT  700  METERS) 

« DETECTION  AT  ANGLES  60”  OFF  NORMAL 

• HIGH  COST 

1 CONCLUSION  — A VIABLE  TECHNIQUE  BUT  LIMITED  BY  HUMAN  FACTORS 

WIRf  OBSTACLE  WARNING  SYSTEM 
(GaAs  Illuminator) 
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1 IN  EXPLORATORY  DEVELOPMENT 
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Power  Transmission  Lines  (Active  Mode) 
Range:  2250  meters  Wire:  upper;  1/4"  A1  clad 
Camera  FOV:  5.6*  lower;  1"  A1  clad 

Incidence  Angle:  0*  Laser  Power:  0.6  watts 
Eff  Contrast:  71%  (1"  wire),  38%  (1/4”  wire) 

Fig. 3 GL}  I V wire  detection 


Fig. 4 C'C'I)  photoelement  dimensions 
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DISCUSSION 


Bernhard 

1 I low  do  you  handle  the  ease  where  a wire  is  positioned  between  the  pixels;  or  is  it  rejected? 

2 In  the  case  of  8-point  or  1 5-point  wire  algorithms,  are  any  missed  points  allowed? 

5 What  impact  does  the  above  have  on  detection  probability? 

Author's  Keply 

I A wir  will  cover  more  than  one  pixel  when  it  is  spatially  oriented  at  an  angle  less  acute  than  the  corresponding 
aspect  angle  ot  the  individual  CCD  element  or  when  it  is  laterally  displaced,  as  shown  below. 
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In  wire  2 above,  on  each  scan  more  than  one  pixel  will  be  activated.  Therefore,  if  we  wish  to  cover  such 
occurrences,  the  single  site  activation  algorithm  (010)  would  have  to  be  modified  to  a (01 10)  in  order  to 
provide  a dual-element  equivalent.  This  would  in  turn  increase  the  number  of  objects  which  could  possibly 
fit  the  recognition  pattern.  The  impact  of  such  a change  would  require  a detailed  examination  of  the  effects 
upon  the  desired  system  purpose  and  operation.  Our  contention  has  been  that  there  are  other  methods 
available  for  detecting  and  locating  larger  obstacles  while  there  are  no  reliable  methods  for  wires.  Therefore 
our  intent  is  to  see  wires,  perhaps  at  the  expense  of  missing  larger  objects. 

2 and  3 I he  geometric  algorithm  which  reconstructs  the  linear  properties  of  a wire  from  the  sets  of  single  site- 
activations  found  in  subsequent  scans  permits  an  adjustable  number  of  drop  outs  and  misplaced  detections. 
These  errors  are  continued  in  establishing  the  decision  criteria. 

J.J.  Stapleton 

In  Europe  another  threat  besides  wires  is  the  round  aperture  of  TV  trackers.  Can  your  algorithm  be  adapted 
from  the  line-spread  function  to  a point-spread  with  use  of  your  image  motion  compensation? 

Author's  Reply 

Without  getting  into  sensitive  areas  let  me  simply  comment  that  the  WOWS  is  strongly  based  upon  the  Single 
Site  Activation  concept.  It  is  possible  that  an  algorithm  could  be  developed  to  provide  recognition  of  a line- 
spread  function  geometry.  However,  at  this  time  the  WOWS  does  not  appear  to  offer  more  than  a germ  for  a 
solution  to  the  problem  which  you  have  addressed.  Further  discussions  and  comments  should  be  undertaken  at 
a more  appropriate  time  and  place  and  would  be  secret  in  nature. 

Robin 

Quelle  est  la  sensibilite  de  votre  systeme  au  brouillard  et  aux  aerosols.  Quelle  est  la  distance  maximale  que  Ton 
peut  esperer  de  ce  systeme  compte  tenu  du  brouillard  et  autres  phenomenes? 

Author’s  Reply 

The  WOWS  is  an  exploratory  development  program  designed  to  test  the  feasibility  of  the  concepts  involved  in 
the  detection  and  recognition  of  wire  obstacles.  This  system  has  been  designed  to  operate  in  clear  weather  and 
under  lighting  conditions  appropriate  to  starlight  to  dawn-sky  conditions.  Based  upon  atmospheric  transmissivity 
data  cited  in  KCOM  Technical  Report  7023  (entitled  Atmospheric  Optical  Environment,  by  M.L.Vatsia.  dated 
September  1972)  in  a moderate  haze  where  the  visibility  was  I km  the  transmissivity  would  decrease  by  3db. 

Based  upon  present  design  considerations  this  would  decrease  our  range  capability  to  approximately  200  meters. 

However,  under  limiting  visibility  conditions  the  helicopter  velocity  would  most  likely  be  similarly  reduced.  This 
in  turn  would  reduce  the  required  detection  range.  Therefore,  while  the  system  has  not  been  conceived  as  an 
all-weather  device  it  would  appear  to  be  useful  in  weather  conditions  which  were  not  ideal. 

In  addition,  the  development  of  lRC'C'D's  is  being  closely  followed.  If  and  when  10. bp  devices  with  an  appropriate 
physical  si/e  are  made  available  the  WOWS  can  be  combined  with  a C02  laser-pulsed  illuminator  to  provide 
improved  all-weather  capabilities.  However,  it  is  required  that  the  IRCCD  provide  the  equivalent  one-dimensional 
high  resolution. 


Carlier 

Quel  est  le  coul  de  cet  equipement? 


Author’s  P.  ply 

About  25.000  dollars  a copy. 
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Sl’MMAKY 

This  paper  describes  a digital  image  store,  based  on  i CP  technology,  which  has  been  specially  designed 
tor  an  image  processing  system.  The  latter,  termed  IW  UXX),  has  been  in(  ri\liu'»*il  to  tnltil  .1 
requirement  in  the  field  ot  fcarth  Resource  Surveying  and  the  design  of  the  store  reflects  the 
requirements  of  this  specific  application  area.  The  store  has  however  proved  extremely  flexible  and 
totally  unrelated  projects  are  currently  finding  it  ot  use. 

Hie  paper  first  introduces  the  requirements  and  then  describes  the  specific  solution  adopted.  Particulat 
attention  is  paid  to  the  relationship  with  a standard  b 2S  line  TV  signal.  Kich  function  available  in 
the  store  is  discussed  and  the  method  ot  implementation  is  described.  The  final  section  gives  an 
indication  of  the  reliabilty  ot  the  store  and  discusses  probable  future  extensions,  closing  with  a 
hr  let  description  of  its  application  to  simulator  development. 

1.  INTRODUCTION 

The  expanding  range  ot  imaging  sensors  and  the  concut rent  improvement  in  platform  technology  has 
created  a consider%tble  increase  in  the  work  load  ot  earth  science  phot o- int er pret ers . Already  over- 
stretched  these  expeits  are  finding  that  they  cannot  keep  up  with  the  ability  ot  remote  sensing 
technology  to  provide  them  with  images.  Several  systems  have  been  developed  t o aid  the  interpreters  in 
these  tasks,  and  this  paper  describes  the  development  ot  the  image  store  modulo  associated  with  one 
such  equipment,  the  IDF  KHX>. 

The  main  function  ot  the  IDF  HX>0  is  to  provide  an  interactive  image  processing  capability  which  allows 
the  interpreter  t o define  areas  of  known  ground  cover.  The  system  then  extrapolates  over  the  whole 
image  area  and  provides  statistical  and  cartographic  vntormatiou  tor  incorporation  in  a database.  To 
ultil  these  functions  the  interpreter  must  be  able  in  real  time  to  undertake  eont rast  enhancement , 
colour  enhancement,  area  definition,  theme  c lass  1 f icat  ion  and  coirammic.it  ion  with  a host  computer. 

One  ot  the  central  features  ot  the  system  is  a specially  developed  image  refresh  store  based  on  (CD 
technology.  The  ideal  store  for  this  application  would  be  a fully  random  access  memory  operating  at 
100  nS.  Such  .1  solution  was  considered  prohibitively  expensive  however,  part  i cul.tr  1 v as  the  number  ot 
images  needed  t o be  stored  at  any  instant  was  expected  to  be  high.  An  alternative  approach  was  there- 
fore sought  which  was  less  costly  and  vet  retained  the  speed  and  flexibility  necessary  tor  image 
processing.  The  cost  per  bit  of  CCD  memory  was  predicted  to  fall  very  rapidly  compared  with  other  tast 
solid  state  stores  and  this,  coupled  with  their  suitability  tor  TV  related  applications  led  to  their 
choice  tor  this  application. 

This  paper  describes  the  store  in  terms  ot  the  requirements,  how  they  have  been  met,  the  current 
capability  and  possible  future  extensions. 

S TORY  RK QV l RY MY  NTS 

2 . I The  Image  Processing  Knvironmont 

The  image  processing  environment  requires  that  several  different  types  ot  processing  are  available  to 
the  earth  scientist  interpreter.  Kot  example  a general  put  pose  computet  is  generally  needed  to  perform 
the  more  complex  tasks  and  allow  the  development  ot  new  processing  algorithms.  Real-time  processing  is 
essential  .1 1 so  because  a considerable  number  ot  the  interpretation  tasks  can  still  onlv  be  undertaken 
manually  for  more  accurately,  by  eye)  and  optimisation  of  the  displaced  data  is  essential.  This 
c.imiot  be  achieved  it  the  delay  between  the  setting  up  ot  a process  and  its  subsequent  display  is  too 
long.  In  fact  considerable  effort  lias  been  devoted  tv'  the  ergonomics  of  these  optimisation  processes 
and  responses  of  0.1  seconds  are  deemed  desirable  f RALSTON , P.M.,  1476).  Only  a limited  range  ot  these 
processes  can  be  supplied  at  interactive  speeds  without  severe  cost  penalties.  It  is  not  feasible  however 
to  re  l v on  a getuial  purpose  computer  1!  processing  times  are  tv'  be  c oilmen  sur  .1 1 e with  the  t imescales 
associated  with  many  operational  tasks.  An  agricultural  inventory  ot  potential  crop  yield  would  be 
useless  it  it  did  not  produce  its  results  until  after  the  harvest.  Thus  a third  type  ot  processing, 
not  interactive  vet  special  purpose  and  much  taster  than  a general  purpose  computer,  is  necessary. 

This  latter  processing  has  a particularly  important  role  to  play  ill  the  continued  development  ot  the 
I pi*  UXX'  because  it  is  the  means  by  which  an  additional  important  processing  capability  will  be 
introduced  in  the  near  future.  All  systems  ot  tins  t vpe  ate  currently  capable  onlv  ot  processing  each 
picture  element  in  isolation  and  thus  cannot  make  use  ot  such  features  as  texture,  shape,  closure, 
continuity,  repetition  etc.  These  charact erist ics  are  known  as  spatial  features  and  the  iuttoduction 
of  a capability  to  handle  these  is  essential  to  the  success  ot  image  processing  as  a discipline. 


4 ’ : 


Hu*  slot*  has  (o  inter  lave  to  all  tlu-sc  proccsNiug  u>;  line*.  Figuii-  l pit  «nt*.  t he  b.i*.  t.  -.tint  tint  I t In 

IDF  1000  and  shows  how  t he  store  itself  is  .1  vcttltal  element.  Hu  litt  ci-nt  ion  toutiv*l  ’'io.  es.oi 

inlet  pret  * tin-  user's  « ouuuunts  ami  routes  them  to  the  icquited  pt  o,  essine  m -.tote  itsululto*.  It  1 .« 1 

. tpablc  of  wilting  to  t tie  stote  t tins  enabling  image  statist  it  s to  b>  displaced  praphltalll  and  alpha 
numerically  on  the  »**lout  IV  monitor,  Photographic  «tni|\  «■  images  ate  input  st.i  the  tnone>  ht  otis  IV 
. .mu  t.i  while  images  on  ' output  ot  vompal  ib  le  tape  flTTl  .tie  input  via  t lit  host  . ompi  let.  Image  output 

can  be  phot  ographlt  , ditectly  from  the  IV  seteen  01  bv  means  of  an  off-line  pliof  i*vr  i t e fat  tlitv  via  <1  l. 

In  ordet  to  maintain  processing  consistency  ami  r epeat  ab  i 1 1 1 v all  tmu  I nma,  cm  lading  t fit  tanieia  ami 
itt'iuti't  , are  1 ai|»  lenient  cd  in  digital  c I ec t roni c * . the  v 1 dco  late  processing  ptovides  stub  turn  (ion*  as 
image  tatioing,  algebraic  etiannel  combination,  contrast  enh.un  cmeiit  ami  eolout  » 1 as  s 1 1 t cat  1 t*n . 

2 . 2 The  Requ  1 1 etuettl  s 

1 he  t equ  i remen  t s n a store  to  support  the  system  structure  desctihcd  abt«ve  art  tuauv  and  vat  ted.  I'his 
sett  it'll  describes  the  important  ones,  othet  facilities  which  have  been  i iitur  pot  .it  ed  m the  design  ate 
discussed  in  Sect  ion  1. 

rhe  store  must  obviously  be  capable  ot  receiving  data  directly  from  a IV  vameta  and  preferably  storing 
a single  frame  rather  than  building  up  an  image  line  by  line  ovet  a period  1*1  time.  Hie  data  supplied 
it'  the  vitli't  rate  processing  must  comprise  .1  standard  TV  signal  in  t»2S  line  format.  Hus  allt>ws 
. t'Riiett  i.illv  available  studio  quality  1'V  equipment  to  be  used  wherevei  pt*ssihle.  Data  must  ils.'  be 
act  opted  trt'tn  the  ftt*si  computer,  special  processors,  other  stored  images  and  the*  tutet.nl  ton  control 
procfSSi't  . Data  must  be  sent  to  all  but  the  last. 

Hie  spatial  resolution  should  be  .it  least  commensur  at  e with  the  best  eolout  IV  monitors.  This  leads  to 
a *»  l 2 x M2  hMinai  . 

The  store  should  be  modular  in  structure,  so  that  many  images,  or  several  eolout  hands  o!  one  linage,  can 
be  accommodated  and  extra  channels  can  be  added  with  ease.  rhe  intensity  resolution  ot  each  channel 

should  also  bo  modulat  so  that  the  capacity  can  be  matched  l o the  data  source. 

line  ot  the  impoitant  facilities  in  t lie  image  processor  concerns  the  ability  to  classify  the  data  info 
user  defined  themes.  For  example  crop  types  tor  an  agronomist.  1'his  facility  can  produce  several  single 
bit  images  which  have  subsequently  I c be  combined  to  province  multiclass  images,  thus  it  must  be  possible 

to  write  to  individual  intensity  hits  in  any  channel  without  affecting  the  other  bits. 

It  is  desirable  that  the  interpreter  be  able  t o compare  processes  side  by  side  on  the  display  screen, 
this  enabling  him  to  optimise  the  display  lor  specific  (asks.  I’his  can  best  be  achieved  if  the  data  in 
each  halt  of  the  screen  is  identical  and  thus  a further  requitement  is  the  ability  to  replicate  part  ot 
t fie  image  m another  area  ot  the  display.  This  facility  should  be  available  in  both  the  horizontal  and 
vertical  dimensions. 

Fhe  special  processors  discussed  tft  Section  '.l  need  part icular  went  ion  because  the  majority  ot  them  will 
require  that  the  data  he  provided  in  the  form  of  a small  two-d  iinensioual  witnlv  .•  within  the  image.  They 
will  then  scan  this  window  across  the  complete  image,  determining  spatial  features  at  every  point  and 
writing  the  answers  to  other  store  channels.  This  spatial  processing  data  bus  is  essential  to  the 
success  ot  the  system  ami  must  operate  at  high  speed. 

1.  STRUCTURE  OF  THE  STORE 

1.1  lieneral  Description 

A block  schematic  of  the  store  is  shown  in  Figure  2.  A central  controller  provides  roaster  timing  and 
sviichroni  s ing  data  t o allow  the  generation  ot  standard  u2  S line  intei  laced  IV  signals  bv  each  channel 
when  required.  It  also  provides  t fie  interlaces  witft  the  controlling  system,  the  data  sources  and  the 
special  processors. 

Hie  store  channels  each  have  independent  local  timing  and  control  citcmts.  This  enables  them  tv’  operate 
independently  ot  their  neighbours  and  also  reduces  the  number  ot  last  control  signals  which  have  to  be 
bussed  around  the  system.  Each  channel  can  at  present  contain  up  to  8 intensity  hits  although  a very 
simple  modification  would  extend  this  tv'  20.  Each  b i t is  contained  on  a single  board  thus  giving 
considerable  modularity  and  flexibility  ot  use.  Each  board,  in  addition  t o supplying  the  standard  video 
out  put , can  supply  a "regular  video"  signal.  This  signal  is  used  for  functions  involving  transfers  tv' 
non-video  rate  processors  and  is  described  in  more  detail  in  Sect  ion  1.4. 

Fhe  system  currently  in  use  is  designed  tor  a total  capacity  ot  8 channels.  Extra  channels  could  he 
accommodated  bv  a slight  increase  in  the  output  switching  complexity* 

1.2  Functional  Description 

Each  channel  can  operate  in  one  of  eight  modes.  Although  the  local  controls  are  independent,  there  ate 
operational  constraints  imposed  by  the  central  controller  which  limit  the  range  ot  modes  which  can  be 
in  operation  at  anv  instant.  These  l iniit at  ions  are  shown  in  Table  1.  Selecting  a specific  mode  for  a 
channel  limits  other  channels  to  those  modes  defined  by  ticks  in  the  selected  movie  row. 


The  spoil  tit  mottos  are  discussed  in  mure  detail  below. 


Mode 


Ko  t resh 

The  channel  supplies  standard  interlaced  TV  si  tials  to  the  processing  and  display  unit 
switched  output  bus.  This  bus  contains  tt  video  lines  and  each  channel  can  be  switched 
lines  as  determined  by  an  output  conf ignrat ion  register  set  in  the  channel  controller, 
centralised  bus  conflict  detector  prevents  any  attempt  to  enable  data  t rom  two  sources 
the  same  line. 


v i .t  t he 
to  any 
A 

out  o 


Ret resh  is  the  basic  operating  mode  of  the  system  and  .ill  other  modes  return  automatically  to 
refresh  when  complete. 


Mode  2: 


In  refresh  mode  the  displayed  signal  can  be  further  manipulated  by  the  channel  controller  as 
f o 1 lows, 

(i)  Horizontal  replication  - half  the  horizontal  extent  of  the  displayed  signal 
can  he  shifted  to  the  left  hand  edge  and  repeated  from  the  centre. 

(ii)  Vertical  replication  - as  for  horizontal  replication  but  in  the  vertical 
direct  ion. 

(iii)  Reduce  resolution  - either  of  the  interlaced  TV  fields  can  be  repeated 

to  give  a half  resolution  display  in  the  vertical  direction,  thus  doubling 
the  apparent  capacity  of  the  store.  The  horizontal  equivalent  of  this  would 
require  a slight  extension  to  the  control  functions. 

Video  load 

A complete  frame  of  video  data,  from  an  external  source  or  another  channel,  is  loaded  into 
the  defined  chunnel(s).  The  delay  of  the  incoming  data  with  respect  to  the  data  already  stored 
is  accommodated  by  the  channel  controller  to  maintain  imago  registration. 

Facilities  available  in  the  video  load  mode  comprise, 


(t)  Hit  write  mask  - enables  individual  hits  of  the  intensity  range  to  be 
accessed . 

(ii)  Erase  - writes  zero  in  every  location. 

(iii)  Reduce  resolution  - enables  two  independent  images,  each  of  half  the  standard 
vertical  resolution,  to  be  loaded  into  the  separate  fields  of  the  store. 

(iv)  Mirror  - reverses  the  x scan  direction  thus  providing  a mirror  image  prior 
to  storage. 

Mode  3:  Load  computer 

This  mode  allows  data  stored  in  any  channel,  or  group  of  channels,  to  he  transferred  to  a host 
computer.  In  the  system  developed  the  host  is  a Prime  U>0  mini  computer  but  transfer  is  via 
a normal  lb  line  DMA  link  and  interfacing  t o other  similar  hosts  would  be  straightforward. 

Data  is  normally  loaded  into  the  interface  during  field  blanking  periods  and  there  are  thus 
no  visible  effects  it  the  sans*  channel  is  also  being  used  for  refresh.  Loading  can  however 
he  performed  during  display  t inn-  it  the  extra  speed  is  required. 

Multiple  channels  can  be  transferred  in  parallel  on  a line  by  basis,  Only  those  lines  required 
need  be  transferred. 


Mode  4:  Computer  load 

This  mode  is  practically  the  inverse  ot  mode  1 with  similar  constraints  and  facilities.  When 
multiple  channels  are  being  transferred  however  a hardware  circuit  in  the  controller  minimises 
the  software  sorting  and  disc  access  times  which  could  otherwise  cause  considerable  overheads 
on  the  transfer  times. 

It  is  not  necessary  to  transfer  the  whole  SI-’  x S12  imago.  Transfers  are  undertaken  on  a line 
by  line  basis  and  the  horizontal  start  and  finish  coordinates  can  be  defined  to  4 bit  accuracy 
thus  allowing  transfers  in  multiples  ot  12  picture  elements. 

Mode  5:  Window  source 

A 1 b line  RAM  buffer  allows  a lb  x lb  data  window  to  be  scanned  across  the  image  under  external 
processor  control.  When  scanning  is  complete  an  external  command  can  cause  the  buffer  t o hi 
reloaded.  It  will  generally  be  reloaded  with  the  group  of  lb  lines  one  line  removed  from  the 
first,  thus  allowing  the  window  to  scan  down  the  image. 

Mode  b:  Asynchronous  line  load 

This  mode  enables  data  to  be  written  into  the  store  t rom  an  external  source  which  is  asynchron- 
ously timed  with  respect  to  the  store  timing  (o.g.  a thermal  line  scanner).  lhe  incoming  data 
is  written  on  a line  by  line  basis.  The  process  is  very  similar  to  Computer  loading.  Mode  4, 
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with  the*  important  Jistinetton  that  the  controller  cannot  in  ^envral  tell  the  asynchronous 
source  when  data  can  be  accepted.  This  naturally  imposes  limitations  on  the  data  rate  of  an 
asynchronous  source  and  in  general  this  is  4. 7 mS  per  new  line  of  data. 

In  conjunction  with  this  mode  is  the  facility  for  accepting  a continuous  siring  of  lines 
(subject  to  the  rate  limit)  and  continually  inserting  these  lines  at  the  bottom  ot  the  screen. 

The  displayed  image  then  rolls  up  the  screen  at  a rate  determined  by  the  incoming  data.  This 
roll  can  be  stopped  at  any  t inn*  to  freeze  a frame  for  detailed  examination. 

Mode  7:  Cursor  load 

All  modes  discussed  thus  tar  accept  whole  or  partial  lines  of  data  in  blocks  no  smaller  than 
12  picture  elements.  This  is  obviously  inconvenient  it  only  snail  changes  are  required  to  the 
stored  image,  tor  example  the  insertion  of  annotation  or  lines  derived  from  a coordinate  entry 
device.  The  cursor  load  mode  allows  changes  t o single  picture  elements  to  be  made  by  the 
interaction  control  processor. 

Mode  8:  Window  receive 

This  mode  is  used  in  conjunction  with  the  window  source  mode  to  accept  the  processed  data. 

All  the  facilities  associated  with  computer  load  are  available. 

1 . 3 The  l -bit  Store  Board 

The  iT'l)  chip  used  is  the  Intel  P24lb  (INTEL,  1977).  This  comprises  64  sets  of  digital  shift  registers 
each  25b  bits  long.  These  dynamic  devices  must  be  shifted  at  a frequency  in  the  range  0.1  MHz  to 
1.)  MHz.  Shifting  signals  are  provided  by  Intel  5244  drivers  from  a four-phase  clock  supplied  by  the 
central  controller. 

The  stole  board  is  designed  to  hold  one  intensity  bit  of  a 512  x 512  digitised  TV  frame.  A normal 
broadcast  TV  system  displays  approximately  57b  of  the  625  lines,  the  remaining  lines  being  used  for  frame 
flyback,  colour  burst  etc.  The  64  additional  blank  lines  are  generated  by  the  system  but  removed  from 
the  display  by  extending  the  height  of  the  raster  on  the  monitor. 

In  order  to  maximise  the  storage  efficiency  and  reduce  the  operating  frequency  of  the  CCD*s  the  standard 
TV  signa'  is  buffered  on  entry  to  the  board  and  the  line  blanking  period  ignored.  Figure  3 shows  that 
data  is  read  into  the  512  element  buffer  at  10  MHz  rate  (i.e.  100  nS  per  picture  element)  over  the  51.2  pS 
of  the  visible  line  period.  During  the  64  pS  total  period  of  the  subsequent  line  this  data  is  read  into 
the  CCD's  at  an  8 MHz  rate.  Double  buffering  allows  data  to  be  stored  as  it  arrives  from  the  TV  camera 
and  thus  a full  Irani*  of  video  data  can  be  stored  in  40  mS.  Readout  to  provide  refresh  signals  for  the 
processing  and  display  are  obtained  by  inverting  the  process. 

The  8 MHz  "regular  video"  signal  thus  obtained  still  has  a data  rate  considerably  higher  than  a single 
device  can  accept . On  each  board  therefore  lb  devices  are  multiplexed  together,  each  device  operating 
it  in  overall  data  rate  of  0.5  M bits/S. 

Figure  4 shows  the  structure  of  the  CCD  data  block  >n  more  detail  and  shows  the  organisation  of  TV  lines 
within  the  CCD  elements.  The  16  CCD  chips  .ire  stacked  side  by  side  along  the  X axis.  Shifting  is  shown 
along  the  7 axis,  rec  i r cul  at  i on  of  the  data  occurring  automatically.  At  a given  shift  position  in 
the  refresh  mode  the  16  values  are  read  into  the  output  serialiser  and  hence  to  the  buffer.  At  the  same 
shift  position  the  1^  values  from  the  next  register  are  read  and  serialised.  The  store  is  then  shifted 
and  the  process  repeated.  Thus  \l  picture  elements  are  obtained  for  every  shift . Shifts  occur  at  4 pS 
intervals  and  one  line  ot  data  occupies  16  shift  positions.  There  are  256  shift  . osi lions  and  thus  a 
complete  rec i rculat ion  of  the  store  takes  16  lines,  or  1.024  mS.  The  set  of  two  registers  providing  these 
16  lines  of  data  is  termed  a shelf. 

Interlace  and  field  blanking  cause  an  additional  complication  to  the  control  functions.  Each  field 
comprises  1121  lines  of  data.  In  the  store  this  is  taken  as  313  in  field  1 and  312  in  field  2.  There 
are  only  256  lines  ot  data  to  be  stored  however  and  thus  the  system  must  wait  57  lines  between  fields 
1 and  2 and  56  lines  between  fields  2 and  1. 

In  order  to  simplify  overall  addressing  and  to  ease  the  provision  of  such  functions  as  computer  load  and 
window  sour* e it  is  desirable  that  the  two  fields  be  stored  in  phase,  i.e.  the  first  picture  elements 
ot  each  field  should  occupy  the  same  shift  position.  This  requires  that  the  store  must  recirculate  an 
integral  number  of  times  between  data  fields.  This  is  achieved  by  supplying  a period  ot  double  speed 
shifts  during  field  flyback.  Between  fields  l and  2 this  lasts  for  7 lines  (448  pS),  thus  the  store  is 
shifted  through  50  lines  at  normal  rate  and  14  lines  during  the  double  speed  period  to  give  a total  ot 
'>4  lines  or  four  complete  rec i rculat ions.  Between  frames  2 and  1 the  double  speed  shifting  lasts  for 
8 lines  (512  uS) 


).«  The  Central  Controller 

Although  the  control  of  the  operating  mode  resides  within  each  channel  the  central  controller  is  kept 
informed  of  all  currently  operating  modes.  This  is  essential  for  the  timing  signals  tor  every  mode  are 
generated  centrally  and  distributed  to  every  channel.  Local  mode  control  registers  are  used  to  select 
the  timing  signals  required  for  the  selected  mode. 
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The  centrally  kimum  signals  c.<m|<i  ur  the  normal  and  double  speed  shift  signals,  the  line  replication 

and  tin*  source  data  selection  commands.  The  shift  signals  are  rather  more  complicated  than  out- 
lined m the  preceding  section.  Hie  double  butter  on  the  input  to  the  store  board  introduces  a two  line 
phase  difference  m t tie  cl'P  tec  i rcu  l at  ion  between  t tie  refresh  and  video  load  modes.  In  ordet  to  maintain 
synchronism  between  the  two  video  signals  tin-  phase  ot  t tie  channel  being  loaded  must  be  advanced  by 
two  lines  priot  to  t tie  load  taking  plate.  Signals  enabling  t tie  general  ion  of  single  and  double  speed 
shifts  are  stored  in  PROM  tor  each  ’node  requiting  them.  Standard  TV  synchronising  signals  comprising 
svnes,  blanking  and  field  equalising  pulses  are  .1 1 so  enabled  from  l' ROM.  A current  shelf  address 
increment  command  is  distributed  after  every  lh  lines  to  each  waveband  and  used  by  those  in  refresh  and 
video  load  inode.  The  tetnaming  signals  generated  centrally  concern  the  interfaces  with  external  data 
sources  and  comprise  nviiulv  addresses  and  clocks. 

l.S  The  Channel  Controllers 

bach  channel  controller  contains  7 tegisters  which  define  and  control  the  alternative  modi  s of  operation. 

Die  output  cont 1 gut  at  ion  register  al lows  t tie  channel  to  be  switched  to  any  one  or  more  output  lines,  up 
to  a maximum  of  8.  A requirement  of  t tie  image  processor  winch  uses  this  store  is  the  ability  to  switch 
output  paths  during  the  visible  1 1 atm-  t imr  and  thus  tins  8 hit  register  is  repeated  lh  limes  to  give  an 
extremely  tlexible  real-time  output  control  capability. 

1'he  second  register  detines  the  mode  of  operation  and  the  number  ot  other  channels  in  t tie  sank'  mode, 
rtns  latter  information  is  essential  when  mul t i channel  transfers  are  taking  place  between  store  and  host 
computer.  Register  1 defines  the  order  in  which  multi-channel  data  is  loaded. 

The  tetnaming  registers  define  the  internal  operation  of  the  channel.  Reduced  resolution,  erase,  mirror 
and  roll  are  controlled  by  register  -♦  while  S allows  the  individual  bits  in  a channel  to  be  masked  out 
prior  to  loading.  Registers  h and  7 detine  the  start  addresses  for  horizontal  and  vertical  segmentation. 

•*.  PERFORMANCE  AND  FUTURE  ENHANCEMENTS 

-♦.I  Reliability 

rhree  8 bit  channels  have  been  in  service  now  tor  10  mouths  and  have  clocked  up  over  lbOO  tiours.  A 
further  channel,  also  8 bits,  has  been  working  tor  halt  that  time.  Each  channel  contains  128  CCD  chips 

and  thus  the  total  number  ot  device  hours  to  date  is  over  700,000.  In  that  t ime  only  one  device  has 

failed.  This  figure,  although  not  st at  1 st ical ly  significant  does  nothing  to  undermine  the  manufacturer's 
claim  of  2 x 10h  hours  MTBF  at  55°C.(XNTEl.,  mb). 

rhe  system  itself  contains  approximate ly  2tXM  TT1  devices  and,  apart  from  one  catastrophe  when  an  interface 
failed  during  development,  only  -4  devices  have  failed  in  service.  The  2 1 million  device  hours  attained 
to  date  is  less  than  would  be  expected  tor  -♦  failures  but  the  equipment  has  been  operating  under  severe 
experimental  testing  conditions  during  this  period.  It  is  not  yet  possible  therefore  to  draw  any  valid 
conclusions  concerning  system  reliability. 

4.2  Flexibility 

The  system  ot  which  the  store  is  a central  feature  has  proved  extremely  powerful  and  one  of  the  main 
reasons  for  this  has  been  the  range  of  facilities  which  have  been  built  into  the  store.  Although 
designed  as  an  earth  resources  analysis  system  it  has  already  been  reprogrammed  tc  perform  tasks  totally 
unrelated  to  those  for  which  it  was  designed,  ihie  of  these  is  worthy  of  note  as  it  uses  the  capability 
of  the  store  to  modify  its  characteristics  in  real-time.  By  storing  a monochrome  image  of  a typical 
battlefield  scene  in  one  channel,  constructing  a foreground  section  by  means  ot  the  earth  resources 

seen*  c l ass i t i cat  ion  facility  and  storing  this  in  a second  channel,  a potential  simulator  for  weapon 

sights  can  be  produced.  A third  channel  can  store  real  projections  ot  the  target  and  these  can  he 
selected  automat ical ly  bv  the  system  controller  as  the  target  traverses  the  scene.  The  video  processing 
developed  tor  earth  resources  allows  the  data  in  any  channel  to  control  the  selection  of  data  onto  the 
display  and  this,  in  conjunction  with  the  ability  to  move  one  channel  (i.e.  the  target)  with  respect  to 
the  others  produces  a potentially  powerful  and  realistic  simulator.  This  single  example  has  made  use  ot 
the  following  facilities, 

ti>  Video  load  - to  obtain  the  original  images  of  scene  and  target. 

<ii)  Video  refresh  - to  display  scene  and  target 
(iii)  Load  computer  - to  allow  editing  of  the  images  and  the  foreground  mask. 

(iv)  Computer  load  - to  restore  edited  images  prior  to  use. 

v>  Roll  - t o enable  smooth  vertical  movement  of  the  target 
(vi)  Hit  write  mask  - to  associate  target  switching  data  with  target  image  data. 

(vii)  Horizontal  replication  - to  produce  horizontal  movement 
(vi ii)  Output  cont i gurat ion  - to  select  target,  background  or  foreground. 

4.  < The  Future 

rwo  areas  in  which  the  store  could  usefully  be  extended  have  already  arisen.  These  concern  its  use  in 
the  earth  resources  role,  and  refer  in  the  first  instance  to  the  need  tor  a closer  look  at  a port  ion 
of  image  without  necessarily  displaying  additional  data.  This  image  expansion  capability  allows  the  earth 


*vi*nti»i  to  determine  more  pr«v  uoly  the  exact  position  ot  .t  tt‘4Uiic  ot  interest.  Hi«*  mmmuI  related 
nee  d is  tor  ihe  itoUKc  ot  larger  with  higher  resolution.  A typical  landsal  scene  t ».'*  example 

c vHi 1 4 1 n * appr  o.ximale  ly  2,HX>  lines  each  of  1200  picture  element*. 

The  l 1 m«  ree  irculat  ion  charactet ixt ic  makes  functions  such  as  image  expansion  difficult  t o achieve. 

For  example , it  it  was  desired  to  expand  the  top  left  quadrant  ot  the  display  so  that  it  tilled  t he 
screen,  it  would  be  necessary  to  display  line  l twice  then  line  2 twice  etc.  When  line  2 was  needed 
however  the  stote  would  have  circulated  past  it  and  almost  a whole  recirculation  would  be  needed  betotc 

it  was  available.  Thus  image  expansion  cannot  take  place  in  real  l iroc  direct  from  the  store. 

It  is  proposed  to  over cobs*  this  problem  by  devoting  an  extra  channel  to  the  expanded  image  am.  writing 

to  this  from  those  store  channels  to  be  expanded.  Expansion  would  be  limited  to  even  integral  factors 

up  to  In.  because  an  expansion  ot  2 means  that  only  2*>T  of  the  original  data  is  needed  tor  the  display, 
up  to  •*  channels  ot  expanded  image  can  be  stored  in  a single  additional  channel.  Many  ot  the  control 
functions  would  be  unnecessary  in  tins  expansion  channel  and  the  extia  demultiplexing  needed  lo  allow  the 
fom  expanded  images  to  be  s i axil  t aneons  1 v available  would  be  comp  a r 'at  i ve  1 v simple. 

The  cost  pet  bit  ot  u'D  memory  is  likely  to  decrease  substantially  only  with  the  introduction  ot  latgei 
memory  capacity  on  a single  chip.  (>Sk  chips  have  already  been  announced.  This  will  probably  be 
accommodated  in  the  current  store  architecture  in  such  a wav  as  to  increase  the  image  resolution.  This 
will  allow  a display  to  pan  over  the  stored  data  providing  a video  window  on  a scene  two  or  more  t lines 
larger  in  each  dimension.  It  remains  to  be  seen  whether  this  approach  would  also  allow  an  overview 
ti.e.  the  reverse  ot  expansion)  to  be  provided  or  whether  the  expansion  channel  would  serve  this  function 
also. 

S.  CONCLUSIONS 

This  paper  has  described  the  development  ot  a digital  image  store  using  CCD  technology.  The  environment 
and  system  requirements  ave  been  presented  and  the  structure  and  performance  ot  t tie  stole  desci ihed 
in  detail. 

The  store  lias  proved  extremely  successful  and  the  facilities  which  have  been  incorporated  nuke  it  a 
very  flexible  s-.stem.  It  has  already  been  used  tor  other  tasks. 

The  cost  however  is  not  si gni t leant ly  less  than  equivalent  RAM  refresh  stores  and  although  this  is  due 
in  part  to  the  increased  control  requirements  tin-  main  reasons  are  associated  with  the  cont inued  tall  in 
price  ot  RAM  and  the  larger  quantity  pro*liu  i icu  of  systems.  If  is  anticipated  that  the  introduction  ot 
higher  capacity  CCP  memories  will  allow  the  store  tv'  become  extieraelv  competitive. 
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SUMMAKY 

Considorat  ionn  for  the  design  of  a digital  COD  memory  will  be  diacuaaod.  Starting 
from  commercial  CCD  devices,  the  design  character i nt  ico  of  a second  generation  CCD 
will  be  derived,  'l'he  economically  feanible  capacity  and  lte  dependency  on  the  tech- 
nology lead  to  the  definition  of  performance  parameters  and  the  chip  organizat ion. 

A SI'S  organ!  7at  ion  will  be  found  mont  suitable  and  design  considerations  of  SI'S 
blocks  will  be  discussed.  Kinally,  the  overall  design  of  a A.'  kbit  CCD  will  be 
doner i bed . 

Introduction 

In  surveillance  radars  /I/,  /.'/  there  is  great  interest  in  semiconductor  memories  for 
I wo  reasons.  First , if  a frame  store  is  available  at  a reasonable  price,  it  will  be 
possible  to  use  an  image  refresh  memory  instead  of  a storage  display  tube  for  scan 
converters  resulting  in  less  bulky  and  more  reliable  equipment.  Second,  a frame  store 
could  be  used  for  MT1  fMoving  Target  Indication)  if  received  radar  signals  from  two 
subsequent  antenna  revolutions  are  compared  in  order  to  detect  tangentially  flying 
targets. 

In  the  first  case  a shift  register  memory  is  completely  sufficient.  In  the  second 
cane,  access  to  the  memory  is  not  in  a completely  sequential  manner  although  there 
in  strong  emphasis  on  sequential  access.  Shift  registers  which  are  not  too  long  will 
be  sufficient,  and  no  KAM  is  necessary.  Thus,  for  both  cases  a CCD  memory  could  be 
used  if  the  limited  flexibility  is  compensated  by  a lower  cost  ns  compared  to  h'AMs. 

In  the  following  two  sections  some  reasons  for  the  development  of  a second  generation 
CCD  chip  are  given.  In  section  a we  will  discuss  some  aspects  about  cell  area,  memory 
block  organ i rat  ion  and  power  consumption.  In  section  l*  we  will  compare  different  STS 
block  organization  possibilities.  Then  in  sections  t > , and  8 realized  SI'S  Mocks 
and  the  design  of  the  A.'  kbit  chip  will  be  explained  and  the  performance  discussed. 

.'.  CCD  memory  systems  and  chips 

1’ypical  CCD  memory  systems  for  the  above  discussed  applications  will  have  capacities 
between  1 and  10  Mbit.  Data  rates  range  from  10  to  100  Mbit  per  second.  A small 
memory  system  has  been  built  with  Intel  .'hip.  CCDs  and  lias  worked  very  satisfactorily. 
The  economic  advantage  over  HAM  memory  systems  however  was  not  as  large  as  would  be 
necessary  to  make  the  CCD  memory  preferable.  The  following  reasons  could  be  identified: 
i')  The  organization  of  the  chi)'  provides  high  flexibility  which  is  not  always  re- 
quired, but  adds  to  overhead,  i,.’)  The  storage  capacity  per  chip  is  too  small,  i '1  Clock 
driver  requirements  ere  high,  because  a high-capao i t ance  clocks  have  to  be  driven. 

From  these  findings,  the  following  requirements  for  second  generation  CCD  chips  can  be 
formulated.  Tbene  are:  1,1)  Simpler  chip  organization,  yielding  higher  pecking  density. 
(.')  Higher  chip  capacity  at  essentially  constant  chip  ares  to  decrease  cost,  t A)  Only 
two  external  clocks  with  a minimum  capacitive  load. 

'.  Design  of  n second  generation  CCD  chip 

The  above  statements  have  boon  nt  the  starting  point  of  digital  CCD  development.  The 
firat  tank  wan  to  define  realistic  performance  parameters  for  a A.'  kbit  memory  chip 
which  would  result  in  acceptable  production  yield  and  reliable  operation. 
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Fundament ally  the  aim  of  every  memory  chip  design  ia  high  capacity  and  low  ncceoii 
time.  1'he  aerial  structure  of  COD  memories  leads  to  a latency  time,  which  pannes 
before  access  to  a specified  location  is  possible.  For  a short  latency  time  a serpentine 
organisation,  which  is  shown  in  Fig.  In,  with  short  registers  and  high  clock  frequency 
is  suitable.  In  this  case  overtiead  in  high  and  consequently  the  capacity  for  a fixed 
chip  sice  is  low.  The  Ser ial-l’aral lel-Serial  organization  (SPS),  shown  in  Fig.  1b, 
consists  of  a serial  input  register  which  is  ng  bit  long.  The  contents  of  the  serial 
register  is  copied  by  one  transfer  pulse  to  nfl  parallel  registers,  each  n bit  long. 
After  n^  simultaneous  transfers  in  the  parallel  registers  data  are  copied  into  a 
serial  output  register  and  shifted  out  aerially. 

Fig.  ? shows  the  chip  size  normalized  to  capacity  for  some  commercial  COD  memories. 

The  upper  curve  is  for  serpentine  and  the  lower  for  SPS  organizations.  The  normalized 
size  decreases  with  increasing  capacity  because  CCD  cell  size  gets  smaller  and  smaller 
in  each  new  product.  Independent  of  capacity  the  normalized  size  of  the  serpentine 
organization  is  found  to  be  twice  the  size  of  SPS  organization.  Consequently,  SPS  is 
preferable  when  a high  capacity  is  to  be  realized. 

2 

To  estimate  the  realistic  capacity  we  note,  that  a typical  cell  size  is  about  400  nm' 
when  conventional  layout  rules  are  used.  With  an  overhead  for  wiring,  refresh  ampli- 
fiers, input  and  output  buffers,  and  clock  circuits  of  SO  %,  an  effective  cell  size 
of  bOO  pm'  results.  For  these  values,  the  chip  size  would  amount  to  0.8?  mm-  , 10.7  mm'  , 
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and  ?0.5  mm'  for  capacities  of  Ibk,  3?k,  and  b4k  respectively.  Consequently  a ??k 
capacity  will  be  feasible  without  reducing  cell  dimensions. 

Advanced  means  to  reach  higher  packing  density  such  as  electrode  per  bit  organization, 
offset  gate  technology,  and  multi-level  storage  were  studied.  But  they  were  not  used 
in  order  to  reach  reliable  operation  with  standard  technology.  There  was  no  attempt  to 
reach  very  high  clock  frequencies.  A simple  calculation  shows  why  this  is  not  necessary 
in  large  systems  when  power  dissipation  is  to  be  minimized.  The  clock  driver  power 
dissipation  in  a system  comprising  m CCD  chips  is 

Ny  ^ m Ny  g • m c 1 f , ( 1 ) 

where  Ny  p is  the  clock  driver  power  for  one  chip,  is  a constant  and  f ^ is  the  clock 
frequency.  If  n chips  are  multiplexed  to  one  data  line,  the  clock  frequency  can  be 
lowered  to  f - f-j/n.  The  clock  power  is  now 

NVn  " m NV,B  + NV,M  ‘ m C1  fn  + m NV,Nux 

where  Ny  M is  the  total  multiplexer  power,  and  Ny  „ is  the  power  dissipation  in  one 
multiplexer  stage.  From  (1)  and  (?)  the  ratio  of  power  dissipation  is 
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If  n > 10  it  follows  that  the  power  dissipation  in  the  multiplexed  system  is  lower  if 
the  power  dissipation  in  one  multiplexer  stage  is  lower  than  the  clock  power  in  one 
CCD  chip  at  clock  frequency  f ^ . As  a consequence  of  this  result  no  attempt  was  made 
to  maximize  the  upper  clock  frequency. 


4.  Comparison  of  different  organizations 

Advantages  and  disadvantages  of  different  organizations  (like  serpentine,  SPS,  l.ARAM’' 
have  been  discussed  in  the  literature  /3/,  / 4/,  /?/•  These  considerations  will  be 
detailed  here  to  find  a suitable  organization  for  the  3?  kbit  chip.  This  will  be  based 
on  very  rough  approximations.  However  a quantitative  analysis  has  been  made  which  gave 
virtually  the  name  results. 

The  results  are  compiled  in  Fig.  3.  The  table  is  based  on  the  following  assumptions. 
(1)  The  maximum  clock  frequency  is  limited  by  refresh  amplifiers  and  output  buffers. 
(?)  The  minimum  clock  frequency  is  given  by  the  maximum  storage  time  between  refreshs, 
which  in  turn  is  mainly  determined  by  dark  currents,  i is  the  number  of  independently 
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accessible  blocks,  n is  the  length  of  the  parallel  registers  and  n is  the  length  of 
P m 

the  serial  registers  for  the  BPS  organization.  In  the  cases  of  serpentine  and  LAKAM 

organizations  these  parameters  apply  in  a similar  manner.  The  following  conclusions 
can  be  drawn  from  the  table.  In  some  SPS-organi zed  versions  the  minimum  clock  fre- 
quency is  not  lower  than  the  maximum.  Those  organizations  are  not  useful  since  no 
flexibility  is  provided.  In  the  serpentine  arrangement  low  minimum  clock  frequencies 
are  achievable  because  there  are  l'ew  storage  locations  between  refresh  amplifiers  in 
this  structure.  This  means  on  the  other  hand  a large  chip  area.  The  chip  areas  for 
3?  kbit  are  compared  in  Fig.  4.  Obviously  s small  number  of  individually  accessible 
blocks  results  in  a smaller  chip  area.  The  SI’S  organization  results  in  the  least  area 
of  the  alternatives  compared.  Furthermore  the  chip  area  is  nearly  independent  of  the 
parameters  n^  and  nfl,  so  other  criteria  can  be  used  to  optimize  n^.  Consequently  the 
SI'S  structure  is  preferable  for  the  given  application.  The  price  to  be  paid  for  higher 
density  is  a smaller  span  between  maximum  and  minimum  clock  frequencies. 

‘i.  Choice  of  SPS  blocks 

The  remaining  task  is  now  to  partition  the  3?  kbit  into  SPS  blocks.  From  test  circuits 
it  is  known  that  problems  with  dark  currents  are  most  likely  /6/.  Therefore  a tradeoff 
between  block  size  and  tolerance  to  dnrk  currents  has  to  be  made.  This  is  because 
larger  blocks  give  better  overall  packing  density  but  are  more  susceptible  to  dark 
currents  and  have  a higher  minimum  clock  frequency  thus  decreasing  the  useful  range 
between  maximum  and  minimum  clock  frequencies.  Several  alternatives  are  compared  in 
Fig.  3. 

Case  1 assumes  32  Ikbit  blocks,  one  of  which  can  be  selected  by  means  of  a 5 bit 
address.  Smaller  blocks  in  case  2 lead  to  a smaller  latency  time  and  lower  minimum 
clock  frequency.  Case  S assumes  4 blocks  of  Ikbit  each  with  individual  refresh 
amplifiers,  which  are  connected  in  a ring  structure.  But  only  access  to  a 4kbit  ring 
is  provided.  Fig.  6 shows  the  size  of  the  CCD  array  for  3?  kbit  as  a function  of 
block  size  a,  b and  the  width  of  wiring  channels  between  blocks  c and  d.  The  resulting 
chip  areas  show  that  only  4kbit  blocks  lead  to  an  acceptable  chip  size. 

b.  Design  of  SPS  blocks 

The  SPS  blocks  should  be  as  small  as  possible.  In  test  circuits  we  found  that  64  bit 
long  registers  with  an  inverter  as  output  amplifier  can  be  made  with  channel  widths 
down  to  w^  • 1.S  pm.  This  means,  that  the  channel  width  is  only  limited  by  the  reso- 
lution of  optical  lithography.  The  electrode  length  1 on  the  mask  was  fixed  at  9 pm 
as  is  shown  in  Fig.  7,  the  interelectrode  gap  d is  5 pm,  resulting  in  a cell  length 
L of  ?B  pm.  The  length  of  the  cell  determines  the  period  of  the  parallel  registers. 

Fig.  7 shows  the  layout  of  the  transfer  region  between  the  serial  input  register  and 
the  parallel  registers.  0S1  and  0S;,  are  the  serial  clocks,  0pl  and  0pp  the  parallel 
clocks.  0T  is  the  transfer  clock.  The  distance  dp  of  the  parallel  registers  can  be 
decreased  if  parallel  registers  are  multiplexed  with  one  cell  of  the  serial  register. 
This  means  that  there  are  several  transfers  from  serial  to  parallel  registers  during 
one  clock  period  of  the  parallel  clocks.  In  the  lower  part  of  Fig.  7 the  layout  of  a 
multiplexed  SPS  block  is  shown.  The  period  L is  reduced  to  one-half  the  cell  length, 

which  gives  14  pm  and  the  channel  width  w_  is  fixed  at  6 pm.  The  resulting  distance 
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between  channels  d^  is  8 pm,  giving  a cell  size  of  392  pm  . The  order  of  multiplexing 
cannot  be  greater  than  the  number  of  storage  electrodes  per  serial  cell.  For  the  two- 
phase  system  used  here  the  order  of  multiplexing  is  two. 

Pig.  8 shows  the  timing  diagram  for  multiplexing.  0g^  and  0g , are  the  clocks  for  the 
aerial  input  registers.  01  and  0.,  are  for  the  serial  output  register  and  are  the  only 
clocks  which  Just  be  provided  from  outside  the  chip.  The  transfer  clocks  0^^  and  0T^ 
for  transfer  between  serial  and  parallel  registers  and  the  parallel  clocks  0p^  and 
0p<o  are  generated  on  the  chip  to  simplify  the  application  in  memory  systems.  As  argued 
nbove,  4kbit  SPS  blocks  are  necessary  to  roalize  an  acceptable  chip  size.  The  length  of 
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parallel  and  aerial  registers  can  be  determined  for  minimum  clock  power.  Total  clock 
power  10  the  sum  of  power  in  the  aerial  and  the  parallel  registers 

N • Np  ♦ Ng  (4) 

Clock  power  in  proportional  to  remoter  length  iig,  np,  oxide  capacitance  C,  and  to 
the  clock  frequency  f„.  Thus,  total  clock  power  io 

N - C U‘  l'c  (.’ns  ♦ nj,)  (•>) 

Minimum  clock  power  reaulto  if 

Prig  - Up  (6) 

io  ehoaen.  s 

ibie  important  parameter  in  the  tranafer  inefficiency  • . Since  in  each  transfer  charge 
lo8a  occurs,  the  maximum  number  of  tranafera  between  refrenha  io  limited.  Because  of 
the  aenoitivity  of  refresh  amplifiers,  tolorancoo  in  technology  and  temperature  depen- 
dence, a total  charge  loon  of  10  percent  in  acceptable.  Thin  meann  that  the  product 
of  transfer  inefficiency  ■ and  register  length  n ia  bounded  by 

n . - 0.  1 (7) 

At  a clock  frequency  of  0 MHz  transfer  inefficiency  ia  4.10  * no  measured  in  our  tent 
circuits.  Consequently  no  more  than  700  transfers  are  ponnible.  Thus,  for  a two-phase 
CCD,  the  maximum  register  length  io  100  hit.  Since  the  transfer  inefficiency  increases 
with  increasing  frequency,  charge  loss  occurs  mainly  in  the  fast-clocked  serial  re- 
gisters. To  minimize  charge  loos  this  should  be  short.  A value  nQ  - V was  determined 
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ns  a compromise  between  low  charge  loos  and  low  clock  power.  The  length  of  the  parallel 
registers  would  be  178  bit.  Because  multiplexing  is  used,  each  parallel  register  is 
shortened  by  the  multiplex  order.  For  two  phase  operation  (multiplex  order  equal  two) 
the  resulting  length  is  t>4  bit.  This  in  turn  results  in  a block  with  minimum  power 
and  maximum  packing  density. 

Fig.  0 shows  a microphotograph  of  a 4kbit  SI’S  block,  no  it  lias  boon  realized  m 
n-channel  two  layer  silicon-gate  technology  with  local  field  oxidation.  Size  of  the 
block  in  1.7**  mm‘  . 

Technology  problems 

Dark  currents  are  responsible  for  the  minimum  clock  frequency.  In  a c>4-bit  teat  delay 
line  storage  time  was  up  to  100  ma , corresponding  to  040  Hz  minimum  clock  frequency, 
because  measuring  the  minimum  clock  frequency  is  time  consuming,  life-time  measure- 
ments using  large  (10’  to  10  urn'  ) MOS-varactors  were  used  for  process  characteriza- 
tion. We  found  that  for  7 ms  refresh  intervals  lifetimes  between  40  and  80  s are 
sufficient.  Similar  results  were  found  using  a guarded  diode  structure  after  drove  and 
Fitzgerald  / 8/.  This  measurement  is  difficult,  because  currents  in  the  10  A range 

must  be  measured.  Measurements  lining  pulsed  varactors  /d/  are  much  easier  to  perform. 
One  major  problem  is  in  local  generation  of  dark  current  at  generation  centers.  Using 
a CCD  register  the  centers  cnn  be  located.  Fig.  10  shows  the  contents  of  i>4  bit 
register  at  40°C  after  74  ms  integration  time.  The  different  amplitudes  are  caused  by 
different  dark  currents  in  the  corresponding  cells.  Etching  for  instance  with  an 
etching  solution  after  Secco  /10/  showed  a pronounced  correlation  between  stacking 
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faults  and  local  dark  current  generation.  We  found  that  a density  of  4 per  10  pm' 
is  acceptable.  IVocena  optimization  for  low  fault  density  tins  been  done. 

8.  Design  of  a J/kbit  memory  chip 

Fig.  11  shown  the  block  dingrnm  of  the  Vkhit  chip.  Beside  the  8x4kbit  memory  blocks 
with  associated  circuitry,  the  clock  generator,  reference  voltage  generator  and  data 
input/output  buffer  are  essential  parts.  The  clock  generator  drives  nix  clock  drivers 
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which  are  associated  with  the  individual  SPS  blocks.  This  leads  to  a better  layout  than 
would  one  clock  driver  for  all  blocks  together. 

The  reference  voltage  generator  consists  of  a CCD  register  which  iB  similar  to  a 4kbit 
block,  a refresh  amplifier  and  a feedback  circuit  which  generates  a voltage  corres- 
ponding to  the  middle  value  of  the  voltages  produced  by  a logical  zero  and  a none. 

Thus,  the  reference  level  is  always  optimum  regardless  of  temperature,  frequency,  and 
technology  tolerances. 

All  other  circuitry  which  is  necessary  for  operation  of  the  individual  blockB  is 
associated  directly  with  the  blocks.  Besides  the  clock  drivers  CD  these  are:  refresh 
amplifier  RA,  and  selection  circuits  SC.  One  of  eight  blocks  is  selected  for  reading 
or  writing  by  means  of  a 5 bit  address,  while  in  all  other  blocks  information  is 
synchronously  recirculated.  The  selection  circuits  also  provide  for  recirculation  of 
the  stored  information  as  long  as  no  write  operation  takes  place. 

The  5?kbit  chip  is  currently  being  laid  out,  so  no  measured  data  can  be  giver.  All 
essential  parts  like  4kbit  blocks,  refresh  amplifiers  and  reference  voltage  generator 
have  been  realized  on  test  circuits.  From  these  results,  expected  data  can  be  given 
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as  shown  in  Fig.  12.  Chip  size  will  be  24  mm  . For  the  4 k times  8 organization  the 
average  latency  time  is  1 ms  at  2 MHz  clock  frequency.  Clock  frequencies  will  be 
between  0.5  - 2 MHz  for  a temperature  range  from  0 to  50°C.  Two  external  clocks  are 
necessary,  and  load  capacitance  is  only  10  pF.  Supply  voltages  are  +12  V and  -8  V, 
and  power  dissipation  is  230  mW  at  2 MHz  clock  frequency. 

8.  Conclusion 

Considerations  for  the  design  of  digital  CCD  memory  chips  have  been  discussed.  The 
principal  aim  of  this  work  was  to  design  a simple,  reliable  memory  chip  which  would 
give  good  yield  and  therfore  low  cost.  It  has  been  shown,  that  with  conventional 
technology  and  layout  rules  a 3?kbit  chip  is  economically  feasible.  To  achieve  64kbit 
capacity  some  non-standard  measures  have  to  be  taken  resulting  in  a near-term  economic 
disadvantage. 
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When  you  say  low  cost,  is  it  less  then  100  dollars  a chip?  When  will  it  he  I dollar? 
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Chip  size  for  5?  kbit  CCD 


Number  of 
refresh  amp. 

Latency  l\ts 
( 2 MHz  ) 

min.  clock 
frequency  /kHz 

32 

256 

125 

64 

128 

63 

64 

256 

63 

8 

1024 

500 

32 

1024 

125 

Comparison  of  different  SFS  organizations 


Case  Size  of  CCD  artay 


1 | (8b ♦ 9c)(4a  + 5c) 

(8b  + 9c)  (4a  + 9c) 

(8b  + 9c)(4  (2a  ^ d)  ♦ 5c) 
4 I (8b  ♦ 3c) (4a  ♦ 5c) 
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INTRODUCTION 

The  use  of  an  LED/CCD  structure  to  perforin  transversal  filtering  of  electrical  signals  has  been  previously 
demonstrated  (1,  2).  Basically,  the  action  of  convolution  is  achieved  by  progressive  summation  as 
against  the  simultaneous  summation  of  tap  weighted  signal  samples  as  In  the  split  electrode  CCD  filter. 
Summation  is  done  in  a given  CCD  potential  well  as  the  well  is  first  created  and  then  progressively  clocked 
to  the  output  end  of  the  device.  The  multiplications  necessary  in  a convolution  operation  are  obtained 
by  means  of  an  optical  mask  which  controls  the  amount  of  light  from  a signal  modulated  LEI)  reaching  the 
various  CCD  electrodes.  Although  the  arrangement  is  mask  programmable,  the  real  merit  of  this  principle 
probably  lies  in  the  area  of  image  processing  where  a focussed  image  naturally  provides  a space  varying 
Illumination  and  where  the  coefficients  of  a desired  transformation  can  be  applied  as  a time  varying 
signal.  This  leads  to  an  electrically  programmable  image  processor  where  the  processing  Is  done 
functionally  inside  a CCD  chip. 

This  paper  will  describe  the  two  types  of  processing  with  experimental  results  and  discussions  on  performance 
limitations. 


II.  EXPERIMENTAL  ARRANGEMENTS  & RESULTS 

The  basis  of  electro-optical  processing  is  the  sensitivity  of  a charge  coupled  device  to  light.  Both  types 
of  linear  processing  mentioned  in  the  previous  section  rely  on  being  able  to  modulate  the  charge 
gathering  capability  of  the  CCD  delay  cells.  The  Important  contrast  between  these  two  approaches  is  in 
the  way  the  coefficients  of  a desired  t ransformation  are  applied.  In  the  case  of  electrical  signal 
processing,  the  signal  samples  move  past  the  weighting  coefficients  held  on  a transmission  mask  and  in 
the  case  of  image  processing  the  reverse  is  true.  The  following  two  sections  are  devoted  to  discussions 
of  preliminary  results  on  both  types  of  processing.  ' 

(a)  Processing  of  electrical  signals 

A simplified  block  diagram  of  the  experimental  arrangements  of  the  processor  for  processing  of  electrical 
signals  are  shown  in  Fig.  1.  The  input  analog  signal  modulates  the  output  of  a light  emitting  diode. 

Since  the  amount  of  photogenerated  carriers  at  the  silicon  surface  is  proportional  to  both  the  intensity 
of  light  reaching  the  silicon  surface  and  the  time  the  light  source  is  on.  the  LED  can  be  either 
Intensity  modulated  or  duty  cycle  modulated.  Both  modulation  schemes  can  be  employed  to  obtain 
premultiplication  of  the  input  signal  as  is  required  in  some  applications  (3).  The  coefficients  of  a 
desired  filter  function  are  encoded  onto  a glass  mask  by  varying  the  ratio  of  the  transparent  to  opaque 
area.  The  LED  is  turned  on  once  every  CCD  clock  period  when  there  are  valid  potential  wells  under  the 
CCD  electrodes  and  the  result  of  a convolution  is  directly  available  at  the  output  of  the  device.  Since 
charge  is  detected  only  once  at  the  final  output  of  the  device,  performance  comparable  to  a linear  imager 
is  expected. 

To  ichieve  tap  weights  of  both  polarities  multiplexing  is  necessary  since  only  one  polarity  of  charge  can 
be  stored  in  the  potential  wells  of  a CCD.  Figure  2 (a)  and  (b)  respectively  show  the  circuit  arrangements 
for  time  and  space  multiplexing.  In  the  time  multiplexed  scheme  two  adjacent  charge  storage  sites  are 
used  to  represent  one  tap  coefficient.  Every  alternate  delay  cell  represents  a negative  charge  storage 
site  and  the  output  of  the  filter  is  alternately  switched  between  the  positive  and  the  negative  input 
terminal  of  a differential  amplifier.  A simple  band  pass  filter  (truncated  sine-wave  in  time  domain.  Fig.  3) 
was  realized  using  time  multiplexing.  This  approach  in  general  gives  rise  to  very  fast  changing  mask 
patterns  which  are  more  susceptible  to  the  tap  weight  errors  that  arise  from  the  lack  of  collimation  of 
the  Incident  light  beam  and  finite  distance  of  separation  between  the  mask  and  the  actual  device.  An 
additional  limitation  of  this  approach  may  arise  from  the  requirement  of  2N  CCD  delay  elements  to 
realize  an  N-tap  filter  and  the  consequent  reduction  of  bandwidth  capability  by  one-half.  A more 
practical  approach  appears  to  be  the  space  multiplexed  scheme  where  the  signal  is  divided  in  space  between 
two  CCD  line  Imagers.  The  coefficient  masks  are  so  designed  that  subtraction  between  the  outputs  from 
the  two  CCD  channels  give  rise  to  the  desired  filter  response.  Figure  4 shows  a demonstration  of  this 
scheme  for  a 91-tap  low  pass  filter.  The  actual  photomask  employed  in  the  experiment  is  shown  in  Fig.  A (a) 
and  the  observed  Impulse  response  is  shown  In  Fig.  4 (b).  As  an  additional  demonstration  of  this  concept 
the  experimental  and  predicted  frequency  response  of  a 91-tap  Hamming  weighted  band  pass  filter  is  shown 
in  Fig.  5.  In  each  of  the  above  experiments  the  coefficient  mask  was  designed  by  applying  a suitable 
bias  to  the  given  impulse  response  as  is  evident  from  Fig.  4 (a).  This  approach,  although  it  reduces  the 
dvnamic  range  by  one-half  has  the  advantage  of  design  simplicity.  Further  a number  of  filter  functions 
can  be  made  on  an  area  array  imager  with  a common  bias  channel.  The  Fairchild's  256  interleaved  photo- 
element linear  imager  is  particularly  suitable  for  realizing  a general  filter  function  using  the  space 
multiplexing  approach.  All  results  reported  in  this  paper  were  obtained  using  simple  CCD  delay  lines 
which  were  not  specifically  designed  for  imaging  appl icat ions . Two  separate  CCD  chips  were  used  to 
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achteve  space  mu 1 1 iplexlng  . 
fb*  ri.'.  css.n^  ot  images 

The  experimental  arrangement s tor  image  processing  consist  of  .1  coefficient  monvrv  where  the  coefficients 
•t  a JesireJ  f ransformat  Ion  .ire  stored  in  digital  words  or,  can  he  generated  using  algorithms.  These 
coefficients  ate  sequentially  clocked  out  to  modulate  either  the  light  Intensity  of  the  LED  or  the 
period  of  the  CCD  clocks.  For  processing  photographic  negatives  the  former  method  can  be  used.  The 
latter  method  would  allow  direct  image  processing. 

In  the  demonstr at  ion  experiment  discussed  here  an  optical  mask  was  used  to  define  a linear  image.  The 
cosine  and  the  sine  coefficients  o t a l.’  point  Discrete  Fourier  Transform  were  stored  in  a bank  of 
PKv’M's.  All  coeiticients  were  stored  as  positive  numbers,  implying  a bias  applied  tv*  the  coefficients. 

This  bias  is  reflected  at  the  output  as  a fixed  offset  and  hence  can  be  subtracted  out  in  a differential 
amplifier.  The  experimental  results  ot  correlation  ot  the  cosine  coefficients  with  a rectangular 
image  pattern  of  Fig  (a)  is  shown  in  Fig.  (,  lb).  The  components  of  the  cosine  transform  are  obtained 
every  12nd  sample  at  the  output  of  the  CCD  as  shown  In  Fig.  t>  (c).  The  results  on  this  simple  experiment 
indicate  feasibility  ot  processing  fixed  images  directly  Inside  a CCD  chip.  The  concept  can  be  extended 
to  CCD  imaging  array  for  obtaining  two-dimensional  linear  and  separable  transforms  ie.g..  Hadarcand, 

Fourier,  etc.)  i**)  . Ihe  area  array  image:  will  provide  transforms  of  all  the  columns  at  the  same  speed 
»s  that  tor  a single  column.  Tv'  obtain  the  transforms  of  the  rows  d i gl t ul /ana log  techniques  (5,b)  will 
have  tv'  b<  used  at  the  output  ot  the  CCD.  The  concept  ot  linear  image  processing  can  be  applied  for 
processing  of  one-dlmenslona l variables  e.g..  monitoring  of  fluid  level  or  diameter  of  a wire  for  industrial 
control . 


III.  PFRFDRMANCl  CONS  IPFRAT  IONS 

The  per  tor  nvince  ot  the  e lec t r o-opt ica  1 processor  is  limited  by  accuracy,  linearity  and  noise.  The 
Inherent  limitations  ot  a CCD  imager  at  feet  tin  performance  ot  both  types  of  processing  discussed 
earlier.  The  discussions  made  in  this  section  are  primarily  in  the  context  of  electrical  signal 
processing,  however  thev  applv  Co  image  processing  appli car  ions  as  well.  The  experimental  vehicle  was 
a Blackman  window  filter  function  (7)  which  provides  a peak  side  lobe  amplitude  of  about  -S7dH.  The 
window  function  has  all  positive  taps  hence  can  be  implemented  using  single  CCD  channel  as  for  processing 
ot  linear  images . 

Figure  7 shows  the  observed  and  predicted  frequency  response  of  a 32-tap  Blackman  window  function.  The 
theoretical  response  takes  intv'  account  the  error  of  coefficient  quantization  Involved  in  the  preparation 
of  the  photomask . The  relatively  wide  channels  of  the  devices  used  provided  a quantization  step  size 
equivalent  to  1 2’s  bits  ot  accuracy  in  a digital  system.  The  observed  errors  in  the  stop  band  region 
are  mainly  due  to  errors  associated  with  the  variations  of  the  device  parameters.  The  tap  weight  errors 
introduced  bv  lack  of  co 1 1 1 motion  of  the  incident  light  beam  are  very  small  for  a smoothly  varying  mask 
pattern.  Fot  the  filter  function  under  eons iderat ion  the  tap  weight  errors  from  this  source  will 
Introduce  slight  roll  otf  of  the  frequency  response  close  to  the  Nvquist  frequency  limit.  This  error  can 
further  be  reduced  bv  using  a suitable  lens.  No  lens  was  used  in  any  of  the  experiments  reported  here. 

Due  to  optical  injection  of  charge  major  source  of  tap  weight  errors  are  expected  to  arise  from  any 
variation  ot  t ranstnl t tance  of  light  through  the  multilayer  electrode  structure  of  a charge  coupled 
device  12-phase  polvstllcon  gate  CCDs  were  vised  in  the  experiments).  The  transmittance  of  light  through 
the  electrodes  ot  a CCD  is  dependent  on  the  thickness  of  each  electrode  layer  (8).  Hence  any  variation 
v't  thickness  of  any  of  the  layers  along  the  CCD  channel  will  cause  tap  weight  errors.  A computer-aided 
sensitivity  analysis  was  done  bv  recording  the  transmittance  variations  bv  perturbing  the  values  of 
laver  thicknesses  from  their  nominal  values.  It  was  observed  that  the  polvsilicon  layer  particularly, 
produces  a wide  variation  of  t ransml t t ance  even  for  a small  change  in  thickness  around  the  nominal  value. 
For  the  devices  used  the  red  t.KD  light  (0.6t>mm  wavelength)  was  found  to  be  less  sensitive  tv-*  the 
changes  in  the  polvsilicon  layer  thickness  than  yellow  and  green  light.  The  experimental  results 
however  do  not  Indicate  any  significant  variation  of  light  transmit tance  along  the  CCD  channel.  The 
observed  frequency  response  of  the  Blackman  window  function  shown  in  Fig.  7 indicates  tap  weight 
Inaccuracies  better  than  O.SX  las  obtained  bv  Monte  Carlo  simulation  l*)) ) . Although  acceptable  accuracies 
have  been  obtained  for  v't  her  filter  functions  e.g.,  a *)l-tap  Hamming  window  function  ll),  variation  of 
light  t ransml ttancc  along  the  CCD  channel  is  a potential  source  of  tap  weight  errors  which  must  be 
recognized.  The  sensitivity  of  light  transmittance  to  layer  thickness  variations  may  be  greatly 
reduced  bv  using  special  electrode  structures  (10). 

Additional  tap  weight  errors  mav  arise  from  lateral  diffusion  of  carriers  generated  in  the  neutral  bulk 
beyond  the  depletion  layer  edge.  In  the  context  of  CCD  imagers  the  effect  of  lateral  diffusion  is 
ccmmonlv  expressed  in  terras  of  a modulation  transfer  function  (MTF)  (It).  The  resolution  degradation  due 
to  lateral  diffusion  is  spatial  frequency  dependent.  Thus  the  amount  of  error  Introduced  is  dependent 
on  the  nature  of  the  tap  weight  mask.  For  fast  changing  tap  patterns  l.e.,  for  filters  with  passband 
close  tv»  the  electrical  Nvquist  frequency  limit  the  effect  of  lateral  diffusion  will  be  more  pronounced 
because  of  high  spatial  frequency  content  of  the  mask  pattern.  The  tap  weight  errors  due  to  lateral 
diffusion  introduce  a roll-off  in  the  frequency  response  particularly  in  the  high  frequency  region. 

I'sing  red  l, ED  light  the  computed  MTF  behaviour  of  the  device  suggests  that  this  error  is  only  significant 
(>,lt)  tor  filters  having  passband  extending  beyond  l/4th  the  CCD  clock  frequency.  Increasing  the 
depletion  laver  width  will  confine  the  generation  of  most  of  the  carriers  to  within  the  depletion  layer 
region,  thereby  reducing  the  effect  of  lateral  diffusion.  Lower  wavelength  of  the  Incident  light 
e.g.,  green  light  will  produce  a similar  result  by  reducing  the  penetration  depth. 

The  sources  of  tap  weight  errors  discussed  above  in  the  context  of  an  electrical  filter,  will  cause 
degradation  of  the  image  reproduced  bv  a CCD  Imager.  Consequently  an  image  slight Iv  different  from  the 
one  focussed  onto  the  device  will  bv*  processed  bv  the  image  processor.  The  coefficient  errors  of  the 
image  processor  arise  from  quantization  of  the  coefficients  in  a limited  number  of  digital  bits.  The 
signal  tv'  noise  ratio  due  to  such  quantization  increases  approximately  bdR  for  each  bit  added. 
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Since  negative  coefficients  are  handled  hv  applying  a bias  l«»  all  the  coef  f l c 1 ent  s , there  Is  a loss  of 
resolution  'I  one-btt  for  a given  number  of  bits/word  used. 


The  measured  harmonli  distortion  at  the  output  of  the  Hamming  weighted  bandpass  fillet  (see  Klg.  *»)  In 
shown  in  Klg.  8.  The  lineal  itv  ol  processor  1m  dependent  on  the  linearity  of  the  input  stage  where 
light  power  In  converted  to  charge  and  linearity  of  the  output  stage  where  charge  1m  converted  to  an 
equivalent  voltage.  The  amount  of  charge  stored  at  the  surface  depletion  layer  of  a CCD  over  a given 
integration  time  is  direct  Iv  dependent  on  the  light  intensify  and  very  weakly  dependent  on  the  depletion 
layer  width.  l'he  Input  non  linear  Itv  is  only  significant  when  the  depletion  layer  width  changes  hy  a 
wide  margin  during  the  on  time  ol  the  l.KD.  Normally,  this  change  is  very  small  even  from  no  charge  to 
lull  charge  condition  ol  a potential  well.  Consequently,  the  observed  non  linearity  is  tnaiulv  due  to  fin* 
charge  detection  stage.  Analysts  ol  the  harmonic  distort  Ion  of  the  output  stage  alone  predicts  a 
second  Harmon  ft  distortion  within  t to  4 dH  of  the  measured  second  harmonic  distortion.  Thus  I i near  i /.at  ion 
of  the  out  put  stage  using  on  chip  amt'll  I lets  will  further  Improve  the  linearity  of  the  processor. 

Noise  tneasur ement  Is  Important  t o the  maximum  speed  of  operation  of  the  processor.  This  is  because 
increasing  the  speed  of  operat Ion  reduces  the  integration  time  i.e.,  the  on  time  of  the  l.KD  (hereby  lowering 
the  signal  t o noise  ratio.  The  measurement  of  noise*  was  performed  on  the  Blackman  window  function  using 
correlated  double  sampling  at  the  output  . The  results  reported  here  however  do  not  Indicate  opt imum 
noise  performance,  since  the  device’s  used  were'  old  and  exhibited  poor  surface  states  el  led.  With  24  nsec 
integral  ion  time,  the  measut  ed  rms  signal  to  noise*  ratio  for  peak  signal  was  f*.’  dH.  The  luminous  intensity 
of  l.KD  useil  was  around  1 med . Re'dueing  the  integration  time  hv  a factor  of  four,  the  above  signal  to 
noise  ratio  decreases  to  about  *»0  dH.  I .owe*  ring  the'  integration  time*  however  increase's  the  linearity  of 
the  processor  through  re’duct  ton  ol  the  bias  charge.  The*  noise*  sources  associated  with  the  processor 
are’  icon!  leal  to  that  ol  a (YD  imager  . However  , the'  shot  noise  associated  with  the  optical  ln|oct  Ion  of 
charge  is  filtered  at  the  output  hv  the  filter  function.  Contrary  t o the  split  electrode  filter,  the  dark 
current  noise  and  the  surtace  state  noise  are  independent  ol  the  filter  transfer  function  as  these  noises 
are  Introduced  following  the  coefficient  mu  1 t I p 1 i cat  ions . An  additional  noise  component  may  arise  due  to 
jrtter  In  the  l.KD  drive  clock.  Any  random  variation  of  the  width  or  the  amplitude  of  lire  l.KD  drive  clock 
from  sample  fo  sample  will  introduce  white  noise  at  the  output  . The  output  signal  to  noise  ratio  due  to 
this  noise  component  Is  independent  of  the  I i 1 t rt  transfer  fund iorr  consequently  tight  clock  tolerance 
is  necessary  fo  limit  this  noise  component  . 

The  use  ol  an  atea-arrav  CCD  imager  lor  processing  ol  Images  introduces  additional  distort  loirs  due  to 
non- -uni forml t ies  across  the  time-multiplexed  channels  of  transfer  inefficiencies,  gains,  leakages  and 
of  I set  levels  (1.0.  These  distortions  can  he  significant  unless  good  devices  are  used . 


IV.  CONCLUSIONS 

This  paper  discusses  an  elect ro-opt leal  approach  fot  processing  of  electrical  signals  and  optical  Images. 
Initial  results  presented  on  both  types  of  processing  encourage  further  work  particularly,  in  the  area 
of  image  processing.  The  important  performance  Umlt.Hlonn  have  been  discussed  In  the  context  of 
technology  limitations  of  charge  coupled  devices.  The  effect  of  ma|or  sources  of  limitations  can  hr 
reduced  with  improved  design  ol  CCD  imagers. 
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Fig.  I A block  diagram  of  the  experimental  set  up  for  signal  processing. 


THEORY 


NORMALISED  SIGNAL  FREQ 


tude 


Fig.  6 (a)  A photograph  shoving  a square  wave  image  pattern  used 

in  the  image  processing  experiment. 

(b)  The  experimental  results  of  correlation  of  the  image 
with  the  cosine  coefficients  of  a 32-point  DFT. 


(c)  The  theoretical  results. 
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Fig.  7 The  observed  and  predicted  response  of  a 32-point  Blackman 
window  function.  A peak  side  lobe  amplitude  of  -56  dB 
has  been  achieved. 
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the  LED  drive  current. 
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ABSTRACT  / 

A Charge  Injection  Device  (CID)  solid-state  video  sensor  capable  of  producing  a Hadamard  transform  of  the 
incident  optical  image  has  been  developed.  The  device  can  be  operated  so  as  to  produce  a normal  video  signal.  In  a 
second  mode,  the  device  produces  four  1 x 4 Hadamard  transforms  in  parallel.  Minimal  off-chip  hardware  is  required  to 
produce  a 4 x 4 two-dimensional  transform.  This  approach  offers  an  opportunity  to  reduce  the  size  and  power 
requirements  of  on-board  electronics  in  mini-RPV  and  guided  weapon  antijam  video  data  link  applications  by  performing 
the  transform  processing  function  of  the  airborne  encoder  directly  on  the  image  plane.  Performance  of  the  device  has 
been  verified  by  completing  the  two-dimensional  transform  of  various  images,  performing  the  inverse  transform,  and 
displaying  the  resultant  images. 


TV  bandwidth  reduction  is  required  to  achieve  jam  resistance  in  guided  weapon  and  remotely  piloted  vehicle 
applications.  One  way  to  achieve  bandwidth  reduction  is  to  eliminate  redundant  information  prior  to  transmission.  The 
high  degree  of  redundancy  in  most  images  can  be  reduced  by  employing  transform  techniques  to  uncorrelate  the  scene 
information.  A number  of  coding  techniques  can  then  be  used  to  allocate  the  available  bandwidth  to  the  significant 
spatial  information.  A number  of  transforms,  such  as  the  Hadamard,  Fourier,  Haar,  Cosine,  and  Slant,  could  be  used. 
Until  recently,  however,  the  real-time  realizations  of  these  transformations  were  questionable.  The  use  of  large 
numbers  of  logic,  memory,  and  linear  devices  would  be  necessary  lo  process  the  video  signal  in  a conventional  manner. 
Charge-injection  device  technology  can  reduce  these  requirements.  This  technique  can  be  used  to  combine  such  widely 
diverse  functions  as  imaging,  memory,  and  signal  processing  into  a single  device  to  achieve  low  system  cost,  size, 
weight,  and  power  consumption. 

The  process  of  computing  the  Hadamard  transform  requires  linear  combinations,  sums  and  differences,  of  the 
picture  information.  This  process  can  be  easily  mechanized  on  the  focal  plane  of  a CID  image  sensor  by  sensing 
combinations  of  the  signal  charge  from  a number  of  image-sensing  sites  (pixels)  rather  than  the  individual  pixel 
magnitudes. 

Figure  1 illustrates  the  silicon  surface  potential  and  surface  charge  location  under  various  CID  operating 
conditions.  The  magnitude  of  charge  stored  at  each  sensing  site  can  be  detected  by  driving  one  electrode  and  sensing 
the  displacement  current  that  flows  in  the  other  electrode  upon  charge  transfer.  The  charge  can  be  read  in  either  the 
positive  or  negative  sense  depending  upon  the  direction  of  charge  transfer.  This  readout  operation  is  nondestructive  and 
can  be  performed  repeatedly  with  no  detectable  charge  loss.  Charge  can  be  removed  from  any  sensing  site  by  driving 
both  electrodes  to  the  minimum  voltage  magnitude  to  cause  charge  injection.  This  minimum  applied  voltage  is  slightly 
greater  than  the  MOS  threshold  voltage,  to  avoid  charge  loss  through  interface  state  recombination  (charge  pumping). 
Consequently,  bias  charge  is  retained  after  injection. 

Signals  proportional  to  the  linear  combination  of  charge  from  a number  of  sensing  sites  can  be  read  out  as  shown 
in  Figure  2.  Prior  to  readout,  the  initial  condition  shown  at  the  top  of  the  figure  causes  charge  at  the  first  two  sites  to 
be  stored  under  the  column  electrodes,  and  at  the  third  and  fourth  sites  to  be  stored  under  the  row  electrodes.  The  row 
line  is  then  set  to  a reference  voltage,  allowed  to  float,  and  a sample  of  the  floating  row  voltage  is  taken  to  measure 
this  initial  condition.  If  all  column  voltages  are  then  driven  as  indicated,  charge  will  simultaneously  transfer  from 
column  to  row  at  the  first  two  sites,  and  from  row  to  column  at  the  third  and  fourth  sites.  The  net  change  in  charge 
under  the  row  electrodes  is  then  q.  * % " do  - d*.  and  the  change  in  row  voltage  is  equal  to  the  net  change  in  charge 
divided  by  the  row  capacitance.  Any  combination  ban  be  read  by  using  this  technique. 


•This  work  was  sponsored  by  Air  Force  Avionics  Laboratory,  Air  Force  Systems  Command,  United  States  Air  Force, 
Wright-Patterson  Air  Force  Base,  Ohio  45433 
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A 128  x 128  pixel  array,  designed  to  perform  (his  signal  processing  function,  is  operational.  It  is  capable  of 
producing  four  1 x 4 lladamard  transforms  in  parallel,  which  are  then  summed  to  produce  u 4 x 4 transform  on  one 
subpicture.  The  process  is  repeated  to  produce  a complete  image  transform.  The  4x4  format  was  a design  choice  for 
this  particular  chip,  it  is  not  a restrictive  requirement. 

The  approach  used  to  read  out  4x4  lladamard  transform  data  is  illustrated  in  figure  3.  I'lic  rows  selected  for 
readout  are  connected  to  four  differential  amplifiers.  Selected  array  columns  ar*-  then  driven  to  cause  the  desired 
signal  summation  to  occur  on  all  row  lines  simultaneously.  Direct  coupling  of  the  column  drive  pulses  to  the  row  lines  is 
cancelled  by  providing  a compensation  line,  shown  at  the  top  of  Figure  3.  to  couple  only  the  column  drive  interference 
to  the  negative  inputs  of  the  differential  amplifiers. 


Figure  3.  Transform  Readout  Mechanisation 


The  array  organisation  is  shown  in  Figure  4.  Scanning  registers  are  used  to  select  columns  and  rows  in  groups  of 
four.  Drive  signals  are  applied  to  inputs  Fj  through  F^,  and  the  four  selected  rows  are  routed  to  four  on  chip 
preamplifier  transistors.  The  fifth  transistor,  output  01.  is  connected  to  the  compensation  line.  After  readout,  the 
video  amplifiers  are  disconnected  from  the  array  by  switching  the  DO  input  off  and  driving  the  selected  rows  through 
the  ID  input,  and  the  selected  columns  through  the  F.  ( F.^  inputs,  to  cause  injection. 

For  transform  readout,  the  drive  signals  applied  to  inputs  F. . through  F.  are  in  the  form  of  a lladamard  code. 
Alternately,  a block  code  can  be  applied  to  these  inputs  and  the  outputs  suitably  multiplexed  to  effect  the  more  familiar 
line-sequential  video  format. 

A photomicrograph  of  the  array  is  shown  in  Figure  5.  The  array  layout  corresponds  directly  to  organization 
drawing  of  Figure  4.  Sensing  site  size  is  30  x 30  microns,  and  the  overall  chip  size  is  4.82  mm  x 5.33  mm. 

Operation  of  the  array  in  the  transform  mode  was  verified  by  digitizing  the  output  samples  and  completing  the  4 
x 4 transforms  by  means  of  a microprocessor.  The  inverse  transform  was  then  performed,  off  line,  and  stored.  Figure  8 
shows  the  reconstructed  images  for  various  operating  conditions.  The  normal  readout  (center)  image  is  that  produced  by 
the  line  sequential  readout  operation,  while  the  image  directly  above  center  is  the  result  of  a complete  transform 
readout  inverse-transform  operation.  The  remainder  of  the  images  of  Figure  6 indicate  the  effect  of  deleting  low 
amplitude  spat  ml  components.  The  reproduced  images  do  not  indicate  the  degree  of  bandwidth  compression  that  can  be 
achieved,  since  neither  proper  quantization  nor  coding  was  used  in  this  experiment.  The  analog  amplitude  of  each 
spatial  frequency  component  of  the  4x4  lladamard  area  transforms  was  compared  with  a threshold  level  and  set  to 
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ABSTRACT 

This  paper  will  highlight  the  development  of  high  performance  CCD  linear  imagers  jointly  carried  out  by 
BNR  and  Itek.  The  imager  was  fabricated  with  BNR's  two-level  polysilicon  buried  channel  CCD  process. 
The  sensors  are  MIS  buried  channel  capacitors  8 ^m  x 18  um  in  size  with  a centre  spacing  of  12.3  pm. 
Photocharge  collected  in  the  odd  and  even  sensors  are  read  out  via  two  serial  shift  registers  which  are 

clocked  synchronously . The  novel  design  technique  involved  in  synchronized  clocking  systems  will  be 

described.  Another  feature  of  the  design  is  the  ability  to  vary  the  integration  time  independently  of 
the  clock  frequency.  Thus  sensor  blooming  control  is  easily  implemented.  Two  layers  of  aluminum  are 

used  for  both  interconnection  and  light  screening  of  the  non-sensor  areas.  Test  results  will  be 

described  and  will  include  noise  spectral  density,  MTF  curves  and  transfer  efficiency  measurements.  The 
measurement  of  noise  performance  shows  considerable  improvement  in  comparison  to  similar  available 
imagers.  Pictures  taken  using  the  imagers  will  be  shown. 

A high  performance  linear  imager  with  flexible  operating  features  has  many  potential  appl icat  ions . 
These  include  electronic  cameras  such  as  push-broom,  rotating  panoramic  and  framing  cameras.  The 
system  requirements  of  some  of  these  applications  wi 1 1 be  discussed. 

1.  INTRODUCTION 

Itek  Corp,  Lexington,  Mass.,  U.S.A. , and  Be  1 1 -Northern  Research,  Ltd.,  Ottawa,  Ont. , Canada  have  been 
working  since  1976  on  the  development  of  a family  of  CCD  imaging  devices  intended  for  application  in 
military  reconnaissance  systems.  We  report  here  on  the  first  of  this  family,  a 256  element  CCD  linear 
imaging  array.  With  respect  to  available  commercial  devices,  this  chip,  designated  631,  has  several 
[ attractive  features.  It  has  some  differences  in  architecture  for  convenience,  it  has  better  technical 

performance  in  some  key  areas  such  as  noise  level  and  dynamic  range,  and  is  character ized  under 
conditions  representative  of  military,  rather  than  commercial,  application. 

This  paper  will  discuss  three  topics.  We  will  describe  the  architecture  and  fabrication  of  the  chip, 
and  present  test  results  including  pictures  covering  the  radiometric  dynamic  range.  Finally,  we  will 
briefly  discuss  the  application  of  this  chip  to  military  reconnaissance  systems. 

2.  DEVICE  ARCHITECTURE  AND  FABRICATION 

A schematic  of  the  linear  imager  is  shown  in  Fig.  1.  The  linear  imager  consists  of  three  building 
blocks;  a)  a row  of  256  MIS  sensor  elements  (pixels),  which  are  defined  by  a serpentine  field  oxide 
channel  stop  and  a polysilicon  photogate,  b)  a CCD  shift  register  located  on  each  side  of  the  sensor 
row  to  transport  the  photo-charge  to  the  output  circuit  and  c)  a sloshing  (transfer)  gate  on  each  side 

of  the  sensor  row  to  transfer  the  charge  from  the  sensor  to  the  CCD.  This  bilinear  arrangement  of  MIS 

sensor/CCD  shift  registers  allows  close  packing  of  the  sensor  elements.  In  our  linear  imager,  the 
active  sensor  area  is  8 pm  x 18  pm  and  the  sensor  to  sensor  spacing  is  12.5  pm,  which  gives  a spatial 
resolution  of  40  line  pairs/mm. 

During  operation  of  the  imager,  a voltage  is  applied  on  the  photogate,  creating  potential  wells  in  the 
sensor  sites.  Photo-generated  electrons  are  collected  in  these  potential  wells.  After  a suitable 
integration  time,  the  collected  signal  charge  is  transfered  to  the  CCD  shift  registers  via  the  sloshing 

gates.  The  proper  timing  clocks  Jre  applied  on  the  sloshing  gate  (from  low  to  high  state)  and  on  the 

photogate  (from  high  to  low  state)  to  allow  the  signal  charge  to  transfer  in  a short  time  of  the  order 
of  20-50  nsec.  A schematic  of  the  electrostatic  potential  profile  under  the  photogate,  sloshing  gate 
and  CCD  electrodes  during  charge  integration  and  transfer  is  shown  in  Figure  2.  The  serpentine  channel 
stop  directs  the  charge  from  the  odd  number  sensor  elements  to  the  upper  shift  register  and  the  charge 
from  the  even  number  sensors  to  the  lower  shift  register  (Figure  2).  Since  both  sloshing  gates  are 
pulsed  on  at  the  same  time  it  is  necessary  to  have  CCD  electrode  of  the  same  phase  facing  the  odd 
sensors  on  the  upper  side  and  the  even  sensors  on  the  lower  side.  This  is  readily  implemented  by 
offsetting  the  two  shift  registers  by  half  a CCD  stage  of  delay,  as  shown  in  Figure  1.  After  the  charge 
is  transferred  from  the  sensor  element  into  the  CCD  storage  electrode,  the  CCD  shift  register  could  be 
clocked  in  the  normal  two  phase  or  four  phase  fashion  to  shift  the  charge  packets  to  the  two  output 
circuits,  where  the  data  are  read  out  serially.  T>  maintain  the  proper  sequence  of  the  data  during 
readout,  the  lower  shift  register  is  half  a stage  shorter  than  the  upper  shift  register  (127  1/2  stages 
compared  with  128  stages),  which  enables  signal  charge  to  be  read  out  of  the  upper  shift  register 
during  0^  timing  and  the  lower  shift  register  during  0 2 timing.  Now  the  output  data  is  readily 
imiltiplexed  off  chip  to  obtain  the  complete  stream  of  256  data  information.  The  timing  clocks  and 
output  waveform  are  shown  in  Fig.  3.  It  is  obvious  from  the  previous  discussion  that  the  simple 
arrangement  of  offsetting  the  two  shift  registers  and  making  one  of  them  1/2  stage  shorter  simplifies 
the  clocking  immensely.  This  is  in  fact  one  of  the  attractive  features  of  the  631/BCCD2  linear  imager. 


The  output  sensing  circuitry  of  the  shift  registers  is  shown  in  Figure  4.  It  consists  of  a presettable 
floating  diffusion  connected  to  an  on  chip  pre-amplifier  (depletion  type  MOST  source  follower).  The 
photocharge  is  sensed  as  a voltage  change  at  the  output  of  the  source  follower. 
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The  imagers  were  lubricated  using  BNR's  two  levels  polysilicon  gate  buried  channel  technology.  The 
process  allows  the  on-chip  incorporation  of  enh uncement  and  depletion  (ion  implanted)  MOST  structures. 
This  attractive  feature  contributed  to  the  low  noise  performance  of  the  output  pre-amp  1 1 1 ler . The 
process  uses  three  ion  implants  steps  plus  !»♦  diffusion  for  source  and  drain.  It  also  leatures 
isoplanar  oxide  isolation  and  two  levels  of  aluminum  interconnects. 

3.  TEST  PROCEDURE  AND  EXPERIMENTAL  RESULTS 

[ 3.1  GENERAL  INFORMATION 

The  devices  were  evaluated  on  two  levels;  normal  device  character izat ion  tests  such  as  transfer 
efficiency,  spectral  response,  preamplifier  gain  and  noise  measurements  performed  at  BNR,  and  extensive 
testing  at  Itek  to  characterize  the  device  as  an  image  transducer  in  a situation  comparable  to  a high 
quality  reconnaissance  system  application.  The  data  produced  provides  the  system  designer  with 
component  data  in  order  to  confidently  estimate  the  performance  of  a hypothetical  system  and  provides 
feedback  data  to  the  CCD  fabrication  laboratory  in  order  to  improve  future  designs. 

Higli  quality  airborne  military  electronic  reconnaissance  camera  systems  are  rather  complicated,  with 
the  data  stream  from  the  CCD  or  other  solid  state  array  typically  undergoing  soph ist icated  signal 
processing  in  the  aircraft,  digital  transmission  or  recording,  and  digital  data  processing  on  the 

ground  before  display.  In  order  to  fairly  characterize  a CCD  array  for  this  application,  we  must 
duplicate  most  of  those  functions  with  test  gear  such  that  t fie  final  displayed  output  is  limited  in  its 
quality  by  the  device  under  test,  rather  than  by  the  test  equipment.  In  the  case  of  imaging  CCDs,  this 
is  a difficult  problem  due  to  the  low  noise  and  high  dynamic  range. 

3.2  TEST  PROCEDURE 

Figure  5 is  a block  diagram  of  the  test  set  used  for  the  character izat ion  testing  of  high  performance 
image  transducers.  It  shows  the  image  producing  process  from  the  input  scene  to  the  final  output,  which 
may  be  a hard  copy  print  of  the  image  seen  by  the  CCD  or  a computer  printout  representing  the  analysis 
of  some  properties  of  the  image.  At  the  left  side,  we  show  the  various  input  possibilities  for  a CCD 
under  test.  We  may  choose  among  real  scenes,  model  scenes,  photographic  i eproduct ions  of  real  scenes, 
or  standard  test  charts.  This  test  input  is  imaged  on  the  CCD  under  test  with  a lens  whose  imaging 
performance  is  known.  The  image  transducer  in  our  situation  is  a CCD  under  test  with  its  operating 
electronics.  In  order  to  simulate  high  quality  data  recording,  we  use  a Data  General  Eclipse  S-200 
mini-computer  with  a customized  set  of  peripheral  equipment.  The  pixel  stream  from  the  CCD  is 

digitized  by  a high  quality  A/D  converter  capable  of  10^  conversions  per  second  with  10  bit 
resolution  and  fed  into  a semiconductor  memory  which  can  store  up  to  7 x 10®  10  bit  words.  This  is 
sufficient  to  reproduce  frames  of  imagery  large  enough  for  display  and  character izat ion.  The  S-200  can 
then  retrieve  the  data  from  the  semiconductor  memory,  perform  various  manipul at  ions  of  the  data,  and 

then  write  it  onto  tape  for  more  detailed  analysis  in  an  IBM  370/150  computer  which  is  a general 

purpose  off  line  machine.  That  computer  can  perform  data  man ipul at  ions  of  several  types.  It  can  perform 
image  enhancement  (such  as  calibrating  out  the  element  to  element  variations  that  exist  in  virtually 
all  arrays)  for  the  purpose  of  presenting  hard  copy  image  display.  It  can  perform  a number  of 

statistical  analysis  of  the  imagery  such  as  signal  to  noise  ratio  calculat ions.  It  can  also  alter  the 

recorded  data  to  simulate  the  effect  of  other  system  components  so  that  complete  systems  may  be 

simulated  for  system  design  purposes.  Finally,  wehave  available  as  output  peripherals,  a choice  among  a 

laser  writer  (for  hard  copy  imagery), a line  printer  for  tabular  data,  a plotter  for  graphical  data,  or 
a tape  deck  for  tapes  to  be  stored  or  transmitted  to  other  organ izat ions . 

3.3  EXPERIMENTAL  RESULTS 

Table  I is  a summary  of  the  properties  of  the  631/BCCD2  linear  imager.  The  transfer  efficiency  is  of 
the  order  of  0.99999  up  to  10  MHz  CCD  clock  rate.  Transfer  efficiency  of  this  value  allows  an  array  of 
this  architecture  to  be  built  with  3000  elements  or  more  before  the  transfer  efficiency  cause  a 
noticeable  loss  in  resolution.  The  radiant  sensitivity  values  quoted  are  typical  of  front  side 

illuminated  CCDs  where  the  incident  light  must  pass  through  one  poly  silicon  gate  before  entering  the 
silicon  substrate  to  create  photocarriers.  The  peak  quantum  efficiency  is  about  70Z.  The  noise  level 
given  is  the  rms  of  the  additive  random  component  which  is  superimposed  on  the  recorded  image.  In 
addition,  there  are  systematic  noise  sources  such  as  elemental  variations  in  dark  current  level  (3£ 
rms)  and  optical  sensitivity  (3Z  rms  for  all  wavelengths  between  0.4  to  0.9  pm).  These  systematic 

noises  are  very  low  and  will  not  affect  the  imager  performance  under  normal  operating  conditions. 

Nevertheless,  to  obtain  ultimate  imager  performance  they  are  removed  by  system  signal  processing. 
Computer  tallies  of  average  and  rms  are  then  made  for  rows  and  columns  in  the  image.  The  correlated 
double  sampling  effectively  removes  the  noise  associated  with  the  resetting  of  the  floating  diffusion 
capacitance  at  the  output  and  also  attenuates  the  1/f  component  of  preamplifier  noise.  Combined  with 
the  sensitivity  to  sunlight  (used  for  calculations  since  most  applications  involve  sunlit  scenes)  the 
noise  level  amounts  to  an  exposure  level  of  0.25  x 10°  j/m^,  which  is  lower  by  a factor  of  several 
than  is  achievable  with  other  available  devices. 

The  saturation  level,  defined  as  the  signal  level  where  image  quality  begins  to  degrade  seriously,  is 
500,000  electrons  per  pixel,  giving  a dynamic  range  of  over  10,000.  The  real  importance  of  this  noise 
level  is  that  for  signal  levels  of  5,000  electrons  per  pixel  or  higher,  the  imagery  is  limited  only  by 
the  statistical  of  "photoelectron"  noise  in  the  detected  photocarriers  from  the  scene.  The  imaging 
array  does  not  degrade  signal  to  noise.  When  a typical  system  performance  budget  is  established, 

including  the  effects  of  low  contrast  in  a normal  aerial  scene  and  system  Modulation  Transfer  Function 
(MTF),  a typical  signal  level  required  to  produce  useable  imagery  is  5,000  electrons  per  pixel.  The 
noise  data  are  for  an  operating  rate  of  10®  pixels  per  second. 
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Above,  wo  me  ut  toned  that  the  pi  (•.imp  l 1 1 rei  noise  has  .i  1/1  component  in  it.  Figure  t*  nI»owm  .4  measured 
noise  spec  t i mu . Ill  i h spectrum  in  measured  with  tin*  iVll  c locks  t hi  notl  ot  I mo  th.it  hoiii  »i’#  ol  no  inn 

.mjior  i .it  ed  with  the  signal  cut  i cut,  tl.uk  current,  .uni  clocking  .no  not  present.  The  uoino  rrnii.it  mug  u 

tli.it  .1.1HOC  i .it  Cil  with  t ho  t*ut  put  ti.inwintoi.  I ho  upo  ct  t uni  tihown  .1  1/1  uoino  coi net  .it  .i  low  huudied  K II  r 
and  a pi  i*  .imp  l i t i o t lollolt  no. ii  ton  MIL*.  Iho  vino  ol  voriolatod  double  m .imp  ling  oiled  i\olv  suppress 
t ho  l t component  .it  tho  expense  I mcto.iniug  t ho  tl.it  h.unl  not  mo  volt.igo  component  hy  \ . Koi  low 
p.»MM  tittering  .it  about  l.1'  Mil?  (appropriate  to  tho  operating  i .it  o 1 .in  iutogi.it  ion  ol  tho  spool  mm 

yields  .1  IU'  1 MO  lovol  v't  10  elections  poi  pixel  I IIUI  . Ill  III  glVOS  IO.lMOn.lhlo  COI  iol.it  ion  with  tho  coniputoi 

calculated  noiMo  .if  low  exposure,  whore  pi  o.imp  l I t ioi  noise  should  »lomi  u.it  o.  AImo  shown  in  Figure  (i  loi 
comp.u  i sou,  .no  no  i mo  Mpeot  i .i  curves  measured  on  pi  o.imp  1 i I in  m t iicoi  pot  .it  ml  into  iiPm,  1 1 oiii  ollioi 

iii.iuu  t .ict  ill  o i n . those  mo  .iMtii  omo  ut  m wi’i'f  carried  out  ovoi  tho  last  two  vo.ii  m hv  I 1 KK  coi  poi  .it  ion  uuing 

tho  x .into  mo. mu i omo nt  Mot  up. 

Sigu.il  .unt  uoimo  transtoi  curves  .no  tihown  m Figuic  f.  Ihoy  tiln*w  tho  .ivor.igo  re  upon  so  ol  ttio  'VP  to 

oh. ingos  in  cxpOMuie  i.iuging  1 1 om  tho  uoimo  lovol,  which  not  » .in  ottoct  ivo  limit  in  both  tho  .ibility  to 

pioiluco  uii.igorv  .uni  on  tho  .ibility  to  measure  tho  average  Migu.il,  to  tho  ti.itur.it  ion  lovol,  wtioio  im.igo 
ipi.ilitv  ho  gins  tv'  degrade  iluo  to  smearing  m tho  tVO  sh  i 1 1 logistoi.  Tho  i ms  no  iho  is  limit  oil 

primarily  hy  pi  o.imp  l i I lot  noiso  .it  very  low  exposition,  hut  hy  pln't  oo  loot  rou  noiso  .it  most  exposure 

lovol*  ot  pi  net  ic.il  int  orost  , .is  w.is  nolcd  above.  A chip  g.un  value  *'f  about  1 uv  pot  election  i« 

appropriate,  as  mav  ho  voiitie*!  hy  not  mg  that  with  this  gain  const  ant  , tho  phot  vie  1 o ct  ton  noiso  it.  tho 

sipi.no  i oot  ot  tho  signal  lovol  as  predicted  1 1 om  tho  Poisson  st  at  istics  ol  tho  detected 

pliol  oe  loci  i »'us  . 

Iho  host  tost  ot  an  imaging  system  is  imagery.  Figu'o  8 shows  a sequence  ot  pictures  taken  with  t tie 
Ml  - Hu  p;  device  using  the  compufoi  controlled  imaging  oquipnient  described  oailioi.  those  pictuios  have 
been  piv'COMsoit  t o remove  elemental  variat  ions  in  sensitivity  amt  «t.uk  runout,  hut  wo  i o taken  with 

convent  i on  a l (single  sample  poi  pixel!  i.ithoi  than  with  cot  related  double  sampling.  Ki  om  signal 

lore  Is  neat  saturat  toil  down  I o loss  than  It!  * ol  sat  in  at  ion  (*>,1)00  e signal!  vorv  lilt  lo 

diltoionco  mav  be  .^discerned.  At  It!  ot  saturat  ion,  (SOD  o signal)  noiso  begins  tv'  ho  visible  tv' 
tho  eve.  At  1 x 10  1 o I satuiat  ion  OO  o signal!  tho  picture  is  not  icoablv  noisy  amt  lopiosonts 
about  the  threshold  of  usetuluoss.  iho  test  t.uget  was  a high  Cv'iit  i ast  target  m all  cases.  At  t lie 
lowest  levels,  we  also  not  ice  some  loss  ot  viol  nut  ion,  apparent  l\  showing  the  ub  i qu  1 1 ous  K'ss  v'l 
tianstei  etticiencv  in  iT’Os  wtien  t t .inslei  i tug  voiv  small  charge  packets  v'l  a lew  hundred  electrons  oi 
lens.  Iho  stteaky  natuio  v'l  the  noise  in  tho  pictures  domi  nat  ed  by  pie  amplitioi  noise  is  vtue  tv'  the 

I t spev  t i urn  v't  that  noise. 

•i.  APPI  U* AT  ION  10  Mil  IT  AKY  KF'ONNA  1 SSAN'F. 

Tho  atoa  v't  applicat  ion  that  wo  are  addicsaiug  hoio  is  the  incotdiug  v't  high  qualitv  aeiial  imageiv 

I I v»m  high  pe  i t v'i  mauce  aiicralt.  Ihoie  ai  o tw«<  prime  modes  o|  v'poiat  iv'u  (hat  .lie  usually  voiiHidoied  tv'i 

the  newly  emerging  'VO  airav  t echini  logv  . Ihoy  .no  usually  teteiiod  tv'  as  "push  bi  v'v'm"  opeiat  iv'n  oi 
"pan"  opcr.it  ion.  Kigmo  sliv'ws  tho  v'perat  mg  situat  ion  toi  push  bt  oom  opeiat  ion.  Iteio,  a cameia 
remains  in  a lixod  pv'sit  ion  iel.it  ive  t •'  the  aiicralt  wtnle  t tie  aircialt  mores  tv'  provide  the  scanning, 
the  lotmat  v'l  tho  aiiav,  shown  projected  v'nt  v'  the  gioumt,  moves  along  the  gi  oumf  tike  a poNlthroom, 
swooping  v'vor  the  scene  tv*  bo  imaged.  iho  ot  hoi  concept  places  the  array  in  the  local  plane  v't  a 
paiiv'tamic  cameia.  this  cameia  structuto  rotates  with  tespect  tv*  the  aiicralt  amt  sweeps  v'ut  a strip  v'l 
imagety  which  is  perpendicul.it  tv'  the  tliglit  path  (Fig.  10).  the  pan  cameia  cove  is  moi  o atoa  v'u  (lie 
gtv'uml,  but,  because  v’l  its  much  tiighei  scan  rate,  has  much  loss  exposure  t line,  table  It  i l lust  i at  es  a 
sample  signal  tv*  noise  calcul.it  ion  lor  a typical  situat  ion.  Hero,  a high  poi  tormance  aiiciatt  is 
assumed  tv*  be  living  ovci  an  area  ot  interest.  A camera  with  t /*'i  optics  amt  <>.•«  m local  length  has  a 
linear  lYP  imagot  in  tho  tv'cal  plane.  Signal  tv*  noise  calcul.it  ions  toi  the  two  cameia  conligui.it  ions 
have  been  made  using  a typical  set  v'l  comtit  ions  lor  illusti.it  ivo  pm  poses.  Iho  signal  tv'  noise  i at  io 

is  vie  lined  in  rel.it  ion  tv'  tho  imaging  v’l  a high  Cv’iitiast  black  ami  while  bai  pattern.  The  signal  is 

the  mean  ditlorenoe  in  the  signal  between  tho  blacks  ami  whiles  (peak  tv*  peak!.  The  noise  is  the  i ms  v'l 
the  random  l luct  unt  ions  due  tv*  noise.  To  be  barely  visible,  the  USAK  l*)’'l  Resolving  1’owoi  lest  1 at  get 
requires  a signal  t <»  noise  rat  io  so  del  mod  o!  abv’ut  to  be  dearly  resolved.  ihe  calculat  ions 

indicnt  e that  toi  0.  m sample  spacing  on  tho  ground,  a push  hr  v'v'm  cameia  has  sullicient  exposute  with 
sons  margin  tv*  pioduce  gv'v'vl  imager.  Iho  rot  at  ing  pan  cameia  was  assumed  tv*  have  a (*  degiee  liolvl  v'l 
view  and  a scan  elliciencv  such  that  while  recording  tho  angnlai  scan  rale  was  l.S  i.nlians  poi  second. 
Ihe  est  imat  o v'l  signal  tv*  noise  rat  io  is  such  that  this  cameia  would  provide  imngoti  undei  those 
condit  i v'u s which  is  matgin.il  at  best.  Iho  mam  reason  is  that  the  exposure  t imo  m tho  pan  cameia  is 

smaller  by  a laetoi  v'l  about  10.  Thus,  we  see  by  illustration  that  the  lineal  lYP  has  the  capability 

v'l  being  usefully  vlesignevl  ml  v*  some,  but  m*t  all,  airborne  camera  appi  i cat  ions . Koi  those  appi  i cat  ions 
wliote  a line. ii  imager  vlv'es  m*t  have  eiiv'ugh  seusit  ivitv,  v'thei  lYP  v'v'n  I igur.it  iv'iis,  part  icul.uly  areas 
'VPs  vlesignevl  tv*  v'perat  ed  in  tho  Time  I'o  l av  ami  Integrate  mode  are  neovlod  Iv'i  usolul  pe ' I ormance 

SUMMARY 

I v'  summari/.e,  close  cv*  v'poiat  iv*n  between  1 1 ok  and  RNR  results  m tho  labiicat  iv*n  and  extensive  testing 
ol  very  high  pe i I ot mauce  ltneat  imagers.  These  devices  were  shown  tv'  bo  capable  ol  taking  pictuios 
over  the  out  ire  r ad  iomet  r i c dynamic  tango  v'l  80  dll.  An  applicat  iv'n  analysis  shows  that  tho  imaging 
device  will  give  gv'v'vl  imagery  with  a pushbi  oom  aeiial  i ecounai  ssanco  cameia  system. 


SAMPLE  IMAGERY  FROM  631/BCCD2  CHIP 


No  a r 

saturation 


0.1 

saturat  ion 


0.01 

saturat  ion 


0.001 

saturat ion 


0.0001 

saturation 


^ Sample  imagery  from  device. 


PUSHBROOM  SCAN  FOR  ONE-OIMENSIONAL  ARRAY 


Fig.  9 Pushbroom  camera  in  operation. 


PANORAMIC  SCAN  FOR  ONE-DIMENSIONAL  ARRAY 


Fig.  10  R«Ytati»»g  panoramic  camera  in  opt* rat  ion. 
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SUMMARY  OF  PERFORMANCE  DATA 


Number  of  elements 
Element  spacing 
Electrode  configuration 
Transfer  efficiency;  optical  imager 

Sensitivity  electrical  input 

Peak  (0.75 pm) 

Sunlight  (5500  1 K blackbody) 

Noise  level  (with  correlated  sampling) 
Saturation  level 
Noise  equivalent  exposure 
MTF  at  Nyquist  limit  (40  Ip/mm) 
Green  light 

Sunlight  (5500° K blackbody) 

Dark  current 

Dark  current  non  uniformaties 


256 

12.5  fjm 

4 0 (can  be  clocked  as  20) 

0.99995 

099999 

0.4  A/W 

0.1  A/W 

40  e'  /pixel 

500,000  e’  /pixel 

2.6  x 10  7 J/m2 

0.55 

0.25 

1 to  3 nA/cm2 
< 3%  RMS 


TABLE  I:  Summary  of  Linear  Imager  Performance  Data. 


IMAGING  PERFORMANCE  ANALYSIS 


Definition:  SNR  = 


Conditions: 


Peaktopeak  signal  from  black/white  bar  chart 


RMS  signal  from  uniformly  illuminated  pixels 


100  W/m2  (low  or  hazy  sun) 


Illumination  100W/mz(lowo 

Reflectivity  0.2 

Scene  contrast  0.2 

Transmission  (atmosphere  and  optics)  0.4 
Optics  speed  f/4 

Optics  focal  length  0.4  m 

System  modulation  transfer  function  0.2 

Aircraft  velocity  600  m/sec 

Aircraft  altitude  12,000  m 

Sample  spacing  on  ground  0.35  m 

Sample  spacing  on  array  12.5  pm 

Analysis  results  for  bar  chart  at  NvquiSt  Frequency 
lore  cycle  per  two  pixc  is) 

Dushbroom  c=meia  Sf.!R~3  7 

(integration  tune  - 0.5  msec) 

Rotating  nanoramic  camera  SNR  - C 26 

(integration  time  = lopsec) 

Conclusions: 

• Pujhbroorn  came'a  give;  good  imagery  with  linear  array 

• Rotating  panoramic  camera  gives  marginal  imagery  with 
Imea'  array:  a TDI  or  other  configuration  is  needed 


TABLE  II:  Imaging  Performance  Analysis 


r— 
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DISCUSSION 


J.J. Stapleton 

1 Isn't  0 4 A W responsitivity  close  to  100'  quantum  efficiency? 

2 At  vs  hat  wavelength'' 

3 What  is  the  input  capacitance  of  the  preamplifier  transistor'.’ 

Author's  Keplv 

1 No,  about  70' , 

2 0.75  microns 

3 0.25  pi 

Schaeffer 

Could  you  tell  us  your  idea  concerning  the  practical  production  of  your  device'.' 

Author's  Reply 

Devices  not  too  ditlerent  from  this  are  available  commercially  1 heir  performance,  particularly  in  term  of 
noise  is  sometimes  deficient.  1 here  are  no  plans  for  high  production 


DEVELOPMENT  AND  APPLICATION  OF  AN  S.A.W.  CHIRP-2  TRANSFORMER 
M.B.N.  Butler,  B.Sc.,  PhD.,  M.  Inst.  P.  , 
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Microwave  and  Electronic  Systems  Limited, 
Lochend  Industrial  Estate, 
Newbridge , 

Midlothian, 


EH28  8LP, 
Scotland. 


I.  INTRODUCTION. 


With  the  introduction  of  increasingly  sophisticated  signal  processing  techniques  methods  of 
obtaining  Fourier  Transforms  or  Spectrum  Analyses  quickly  and  accurately  have  attracted  much 
attention.  The  bipolar  digital  F.F.T.  has  made  very  rapid  progress  both  in  chip  integration 
of  multipliers  and  butterfly  functions  and  in  speed.  However,  the  present  state  of  the 
technology  suggests  that  even  spectral  analysis  of  a range  containing  one  hundred  elements  to 
six-bit  accuracy  becomes  very  power  consuming  if  the  process  is  to  be  completed  in  50ps. 

In  this  paper  a development  is  reported  in  which  the  Chirp-Z  transform  algorithm  is  truncated 
to  perform  spectre!  amplitude  analysis.  The  basic  process  is  described  in  relation  to  a unit 
giving  in  excess  *.f  one  hundred  resolved  spectral  lines  with  a resolution  of  50kHz  and  a total 
processing  time  of  50ps  per  data  set.  The  displayed  spectrum  covers  a dynamic  range  in 
excess  of  3&dB  (six  bits)  essentially  linearly  and  without  process  induced  spurious  signals. 

Two  distinct  applications  of  the  unit  are  considered;  to  a coherent  microwave  radar  in  which 
Doppler  spectral  analysis  is  employed  and  to  signal  analysis  in  a 10p  wavelength  laser  wind 
velocity  equipment.  In  both  applications  the  high  speed  of  the  unit  has  proved  to  be 
particularly  significant. 

2.  THE  CHIRP  TRANSFORM. 


The  chirp  transform  is  a signal  processing  algorithm  which  can  perform  Fourier  Transformation 
in  real  time.  It  relies  on  structuring  the  conventional  Fourier  Transform  as  two  complex 
multiplications  separated  by  a convolution  stage  as  shown  In  figure  1.  The  input  signal  r(t) 
is  first  multiplied  by  a linear  chirp  (C^)  which  may  be  represented  by: 

C,  * exp(jut2/2)  1 

the  resultant  signal  is  convolved  with  a second  linear  chirp  (C?)  which  is  assumed  to  have 
frequency  dispersion  which  is  matched  to  the  sideband  seiected  after  the  first  mu ) t ip) icat ion. 
After  this  convolution  the  signal  is: 


R(ut)  * Jr( t)  exp(jpt2/2)  exp(jp(t-i)2/2.  dt. 

- expjpT2/ j Jr(t)  exp  -j(uT)tdt.  2 

2 

A further  multiplication  by  ■ exp-jpx  / ^ gives: 

rNux)  - /r(t)  exp-j(px)t  dt.  ....3 

from  which  it  can  be  seen  that  the  output  R1 (pi)  Is  the  Fourier  Transform  of  the  input 
function  with  a transform  variable  u>  = pi. 


In  essence  this  process  relies  on  the  fact  that  in  a linear  chirp  delay  time  and  frequency 
within  a discrete  band  are  related  by  the  dispersive  slope  p. 


In  practice  all  chirps  will  be  of  finite  duration  and  it  can  be  shown  that  the  bandwidth 
B9  = pT  must  be  equal  to  the  sum  of  the  input  bandwidth  B and  the  bandwidth  of  the 
premul tfpl ier , i.e. 

B2  - pT,  + Bs  - pT2  ....4 

Since  the  convolution  process  will  only  occur  for  a time  period  Tj  the  output  function  for 
each  inband  frequency  component  cf  the  Input  signal  will  take  the  form  sinc{(vit)  T ) 
which  has  a 4dB  width  of  ’/T  and  also  introduces  sldelobes  1 3d B below  the  main  peak. 
These  sldelobes  can  be  reduced  at  the  expense  of  frequency  resolution  by  spectral  weighting 
as  in  linear  chirp  pulse  compression  (Cook  and  Bernf i eld ( 1 967) ) ■ Correct  sidelobe 

suppression  can  be  Implemented  by  means  of  spectral  weighting  after  the  post-multiplier. 


In  circumstances  where  the  post  multiplier  is  omitted  as  in  figure  2 the  amplitude  spectrum 
of  the  input  signal  can  be  obtained  by  amplitude  detection  of  the  output  from  the  convolver 
(02)*  At  this  point  the  amplitude  spectrum  is  correctly  obtained  but  the  function  R(mt), 
equation  2,  carries  a multiplicative  term  exp(jpt  /2)  which  indicates  that  each  frequency 
component  is  on  a carrier  which  varies  in  direct  proportion  to  the  time  of  occurance. 

This  arrangement  does  not  allow  the  use  of  spectral  weighting  since  the  post  multiplier  is 
omitted.  An  alternative  is  to  use  spectral  weighting  in  the  pre-analysis  stage  and  this 
has  been  employed  in  the  system  now  considered. 


3.  SIOELOBE  SUPPRESSION. 

Theoretically  correct  sidelobe  suppression  can  be  achieved  by  spectral  weighting  of  the 
premultiplier  chirp  (C  ) employing  some  suitable  function  such  as  the  Taylor,  Hamming  or 
Gaussian  functions.  These  functions  are  all  essentially  similar  in  that  they  have  a smooth 
roll-off  on  either  side  of  a centre  frequency  peak.  For  a linear  f.m.  chirp  of  moderate 
or  large  t ime-bandwidth  product  the  amplitude  weighting  functions  are  essentially  the  same 
in  both  frequency  and  time  domains.  In  the  unit  now  being  considered  has  T.B.  = 100  and 
the  equivalence  of  the  weighting  functions  will  be  shown  to  be  good  enough  to  achieve  38dB 
sidelobe  suppression  without  pulse  broadening  in  excess  of  that  defined  by  the  Hamming  function. 

The  method  employed  for  sidelobe  suppression  takes  account  of  a number  of  practical  problems, 

a)  Mixers  suitable  for  I.F.  multiplication  do  not  allow  simultaneous  variation  in  both  input 
signals  if  an  output  linearly  proportional  to  two  input  functions  is  required; 

b)  Analogue  multipliers  which  do  achieve  a linearly  proportional  product  have  limited  bandwidth 
capability  and  operate  with  greatly  reduced  dynamic  range  for  frequencies  above  10MHz. 

Figure  2 shows  a circuit  in  which  the  input  burst  of  data,  25us  long  is  amplitude  modulated 
by  a cosine  function  on  a pedestal  generated  by  bias  adjustment  on  the  analogue  multiplier. 

The  cosine  function  which  is  time  synchronous  with  the  input  data  is  obtained  by  reading  an 
appropriate  function  out  of  a PROM.  In  this  way  the  relative  magnitudes  of  the  cosine  and 
pedestal  amplitudes  allow  functions  similar  to  the  Hamming  function  to  be  obtained.  Fine 
adjustments  to  the  function  when  observing  the  output  produced  by  a single  input  tone  allows 
optimum  sidelobe  suppression  and  resolution.  From  the  analogue  multiplier  the  signal  passes 
to  mixer  (Ml)  which  is  driven  by  an  upconversion  tone  at  54MHz  or  57*3MHz  depending  on  whether 
the  available  bandwidth  is  to  be  employed  for  symmetrical  double  sideband  or  single  sideband 
analysis.  After  upconversion  the  signal  is  mixed  in  M2  with  the  premultiplier  chirp  (C ^ ) 
which  is  time  synchronised  with  the  data  burst.  At  this  point  the  desired  product  of 
amplitude  function  and  premultiplier  chirp  is  achieved. 

4.  SPECTRUM  ANALYSER  OPERATION. 

The  two  S.A.W.  devices  have  linear  f.m.  characteristics  In  which  frequency  decreases  with  time 
with  dispersion  of  6.25us/MHz.  The  premu 1 t i pi ier  is  centred  on  22MHz  and  covers  4MHz  in  25us 
while  the  compressor  is  centred  on  32MHz  and  covers  8MHz  in  50us.  Both  devices  employ  the 
\/6  interdigital  configuration  which  was  chosen  to  minimise  finger  reflections  without 
introducting  the  narrow  electrodes  required  in  the  split-finger  configuration.  The  devices 
also  have  cosine-squared  time  extensions  to  reduce  spectral  ripple  and  the  associated  spurii  in 
the  output  spectrum. 

Spectral  usage  is  illustrated  in  figure  3-  The  choice  of  an  initial  upconversion  to  a band  near 
54MHz  allows  the  S.A.W.  device  bands  to  be  chosen  with  modest  fractional  bandwidths  and  to  avoid 
overlapping  fundamental  and  lower  order  harmonics.  This  choice  is  of  particular  importance  in 
the  reduction  of  spurious  signals  without  having  to  employ  additional  filters.  As  shown  in 
figure  3 the  difference  frequency  at  the  output  of  the  premultiplier  stage  is  selected  by  the 
bandpass  characteristic  of  the  compressor.  Since  the  difference  frequency  band  contains 
components  which  are  spectrally  inverted  the  requirement  is  for  both  chirps  to  be  of  the  same  sense. 

4.1.  Single  sideband  operation. 

The  S.A.W.  devices  employed  give  a central  region  of  4MHz  in  which  all  spectral  components 
are  processed  equally.  Outside  this  range  the  signal  output  and  sidelobe  levels  degrade 
progressively  as  the  associated  signals  after  the  premultiplier  fall  partly  outside  the 
bandwidth  of  the  compressor.  Figure  A shows  how  the  amplitude  response  and  sidelobe 
suppression  behave  over  extended  bandwidth.  Over  the  6.5MHz  bandwidth  offered  by  employing 
an  upconverter  at  57*3MHz  the  amplitude  variation  is  less  than  1 d B and  the  sidelobe 
degradation  is  only  significant  at  the  edges  of  the  band. 

To  illustrate  the  analyser  performance  figure  $ shows  the  output  with  inputs  at  4.0MHz  and 
4.3MHz  with  20  dB  differential  in  amplitude.  Resolution  of  50kHz  to  -3dB  and  minimal 
sidelobes,  to  -40dB  in  this  range  are  demonstrated.  Figure  6 shows  the  spectrum  obtained 
from  a composite  input  consisting  of  a square  wave  at  300kHz  and  a 4.0MHz  continuous 
tone  suppressed  by  20dB.  The  linearity  of  response  and  absence  of  spurious  signals  over 
the  full  bandwidth  of  the  unit  are  illustrated. 
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4.2.  Double  wideband  operation. 

To  permit  optimum  use  of  the  analyser  in  processing  returns  from  a coherent  radar  the 
circuit  in  figure  7 was  developed.  In-phase  (1)  and  quadrature  (Q)  returns  are 
amplitude  modulated  in  matched  input  circuits.  The  resultant  signals  are  then 
upconverted  with  54MHz  tones  in  quadrature  before  entering  a resistive  summing  network. 
Following  the  sunning  circuit  the  output  from  a single  return  will  lie  in  the  upper  or 
lower  sideband  range  depending  on  whether  the  Q return  had  a phase  advance  or  delay 
with  respect  to  the  I return.  In  practice  If  the  I and  Q returns  relate  to  Doppler 
signals  processing  can  be  arranged  to  give  receding  targets  on  the  left  of  the  display 
and  advancing  targets  to  the  right. 

APPLICATIONS. 

Many  applications  have  been  suggested  for  a fast,  linear  spectrum  analyser.  In  this  respect 
the  elapsed  time  from  input  or  display  trigger  is  a very  linear  function  of  the  input  frequency. 
This  linearity  relates  directly  to  the  chirp  linearity  required  to  achieve  38  to  4 OdB  sidelobe 
suppression  and  suggests  that  spectral  determinat ion  to  better  than  *0.0lt  should  be  possible 
over  the  central  4MHz  but  will  require  timing  measurement  to  *2. 5ns.  Two  particular 
applications  are  now  considered  in  more  detail. 

5.1.  Coherent  pulse  Doppler  spectral  analysis. 

Roberts  et . al . (1976)  and  Jacobs  et . al . (1976)  have  previously  described  the  principles 
of  this  application.  As  shown  in  figure  8 the  outputs  from  a coherent  radar  after  M.T.I. 
detection  are  clocked  into  a C.C.D.  or  Digital  bipolar  tapped  shift  register.  In  this 
record  each  step  corresponds  to  a range  cell  and  similar  records  are  made  in  the  I and  Q 
sections  of  the  processing  circuitry.  When  the  first  set  of  data  is  complete  it  is 
shifted  into  a set  of  parallel  shift  registers  and  the  process  repeated  on  successive 
returns  until  the  complete  array  is  full.  Since  the  data  rate  in  the  returns  stored  in  a 
particular  shift  register  corresponds  to  Doppler  shifts  at  microwave  frequencies, 
typically  less  than  20  kHz,  a fast  readout  can  be  employed  from  each  register  to  multiply 
the  data  into  the  band  of  the  spectrum  analyser.  This  process  allows  the  serial  analysis 
of  all  the  data  in  a group  of  range  cells  without  loss  of  radar  data. 

In  a particular  application  to  a coherent  radar  operating  at  0.107  meter  wavelength  the 
conversion  rates  are  shown  in  figure  8.  A batch  of  detected  data  is  clocked  into  the 
tapped  register  at  6MHz , i.e.  25  meters  between  range  cells.  This  data  is  then  passed  into 
the  set  of  parallel  stores  at  the  1kHz  repetition  rate  of  the  radar  transmission.  Finally 
store  readout  is  made  at  5.12MHz  to  give  a speed-up  factor  of  5120  with  a total  spectral 
coverage  extending  over  f391  Hz.  With  this  speed-up  factor  the  S.A.W.  spectrum  analyser 
gives  a display  rate  of  31.25Hz/ps  and  a resolution  of  10Hz  to  the  -3dB  points  on  a single 
tone  input.  When  the  display  is  at  2tts/div.  as  in  figure  9 the  effective  Doppler  shift 
indicates  a target  velocity  of  3*34m/sec,  per  division.  Figure  9 shows  16  range  cells 
at  6km  from  the  radar  which  was  set  with  an  elevation  of  1.3  • The  returns  are  from 
airborne  matter  at  an  altitude  of  approx i mate  1 y 450ft  and  demonstrate  the  phenomenon  of 
windshear.  Between  range  cells  10  and  12  the  Doppler  frequency  change  indicates  an 
increase  in  wind  velocity  from  2.5m/s  to  5m/s. 


5.2.  Laser  wind  velocity  measurement. 

The  use  of  C0»  lasers  at  10.6um  wavelength  has  been  reported  by  a number  of  groups 

(Alexander  etf  al . (1977),  Hughes  et.  a! . (1972  and  1973).  Sonnenschien  et.  al . (1971))  in 

application  to  r emote  wind  velocity  measurement.  The  principles  of  such  a system  are 
essentially  similar  to  a homodyne  radar  or  communications  system  as  shown  in  figure  10. 

The  particular  features  of  this  system  have  been  described  by  Alexander  et . a 1 . (1977) 
and  will  not  be  considered  in  greater  detail  here.  Alexander  et . al.  (1977)  show  that 
the  main  return  occurs  from  scattering  in  the  laser  "focus"  shown  in  figure  11  (a). 

Such  returns  are  primarily  from  airborne  particulate  matter  and  thus  show  a combination 

of  Doppler  shifts  relating  to  mean  wind  velocity  and  the  random  particulate  motion. 

Figure  11(b)  shows  an  experimental  detector  output  when  the  particle  density  and  signal 
return  were  relatively  high.  This  signal  indicates  pseudo-coherence  over  a period  of  a 
few  tens  of  microseconds  and  shows  that  in  favorable  conditions  spectral  analysis  will 
show  spectra  with  Mnewidths  of  about  100kHz. 

This  discussion  shows  that  spectrum  analysis  with  an  S.A.W.  analyser  giving  50kHz  resolution 
is  well  suited  to  this  type  of  signal.  When  account  is  taken  of  the  high  radiation 
frequencies  employed  it  is  found  that  50kHz  corresponds  to  a line  of  sight  velocity 
measurement  to  0.25m/sec,  i.e.  1MHz  5m/sec . Figure  12,  shows  a number  of  records  obtained 
when  different  integration  times  are  employed  after  spectral  analysis.  In  most  circumstances 
the  spectrum  obtained  from  a single  batch  of  data  (upper  right)  exhibits  poor  signal  to  noise. 
Integration  over  up  to  600  batches  of  data  show  that  in  most  circumstances  the  spectra  remain 
complex  but  on  some  occassions  linewidths  in  the  region  of  100kHz  are  obtained. 

This  system  is  now  being  developed  to  provide  detailed  information  on  windshear  and  aircraft 
wake  vortices,  both  of  which  have  been  found  to  cause  aircraft  losses  during  landing. 
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6.  CONCLUSIONS. 

The  design  of  a fast,  highly  linear  spectrum  analyser  has  shown  that  the  S.A.W.  technology  can 
achieve  high  performance  in  application  of  the  chirp  transform  algorithm.  Application  of  the 
technique  to  pulse  Ooppler  radar  signal  analysis  and  to  laser  anemometry  show  that  the  speed  of 
response  allows  useful  data  to  be  extracted  where  alternative  techniques  would  fail.  Analysis 
of  the  unit  characteristics  shows  that  AOdfS  dynamic  range  and  frequency  determination  to  an 
accuracy  of  0.01%  can  be  achieved  with  total  process  time  of  50us. 
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Figure  II.  Laser  anemometer  performance. 

(a)  Principal  scattering  region, 
lb)  Typical  de  lector  output . 
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Figure  12.  Laser  anemometer  spectra  obtained  by  Integrating  the  output  from 
the  Chirp  Spectrum  Analyser. 
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THE  CHIRP  / TRANSFORM  WITH  CCD  AND  SAW  TECHNO  1 A >G  Y 

D.  MacFall/j.  Collina/W.  Sciarretta/A.  Cappon 
Raytheon  Company,  Missile  Systems  Division 
Bedford,  MA 

ABSTRACT 

The  combination  of  a Charge  Coupled  Device  (CCD),  as  a sampling  memory,  and  a Surface 
Acoustic  Wave  (SAW  ) dispersive  delay  line  for  pulse  compression  arithmetic,  results  in  high  throughput 
Fourier  Transform  signal  processors  that  feature  small  size,  low  power,  and  low  coat. 

The  Chirp  J Transform  (C/  T)  is  presented  as  an  IF  process  that  makes  use  of  time  com- 
pression and  chirp  pulse  compression.  This  allows  sampled  signals  to  he  stored  in  CCD  memory  for 
milliseconds  or  more,  and  / transformed  by  the  chirp  filter  in  microseconds.  A Ct*  T spectrum  analyzer 
therefore  has  extremely  high  throughput  and  the  capability  to  process  many  channels  with  one  processing 
element.  Some  applications  require  both  magnitude  and  phase  information.  Configurations  that  achieve 
a linear  complex  output  by  removal  of  residual  quadratic  phase  will  be  shown,  resulting  in  side  lobe  levels 
that  are  independent  of  transform  size, 

A number  of  design  areas  have  been  addressed  in  order  to  achieve  small,  low  cost,  and 
reliable  multichannel  signal  processing  systems.  These  include  the  development  of  a IK  cell  CCD  Corner 
Turning  Memory,  a large  time  bandwidth  product  (14.*0)  SAW  chirp  line  on  bismuth  germanium  oxide, 
and  techniques  for  interfacing  the  analog  CifT  processor  with  a digital  computer. 

1,  INTRODUCTION 

This  paper  will  present  a spectrum  analysis  technique  with  applications  that  is  both  faster  and  simpler 
than  those  currently  employed  in  radar  systems.  This  has  been  made  possible  by  the  development  of 
dispersive  Surface  Acoustic  Wave  delay  lines  and  Charge  Coupled  Devices.  These  technologies  are  used 
in  a complementary  manner  to  provide  a signal  processing  capability  which  can  dramatically  reduce  cost, 
size,  and  power  consumption. 

The  CCD  memory  is  used  to  sample  and  store  the  radar  video  output  as  analog  charges.  Once  the  required 
number  of  analog  samples  have  been  gathered,  they  are  read  out  of  memory  in  a time  equal  to  the  Fxpanded 
SAW  pulsewidth.  This  analog  memory  is  operated  as  a time  compressing  shift  register  to  match  radar 
dwell  time  to  SAW  chirp  time.  The  time  compression  ratio  scales  long  integration  periods  (millisecond  ) 
to  the  SAW  delay  (microseconds).  The  chirp  pulse  expansion/compression  system  is  used  to  perform  the 
Fourier  Transform  in  faster  than  real-time.  This  allows  the  chirp  processing  element  to  be  time  shared 
for  the  processing  of  many  data  channels.  The  time  compressor  memory  is  destructively  read  out  to  make 
room  for  new  samples,  since  all  processing  is  performed  in  one  pass  of  the  signal  through  the  compression 
line. 

The  compression  line  is  analogous  to  a comb-filter  bank  which  is  read  out  in  natural  ordered  serial  form. 
This  is  due  to  the  fact  that  time  delay  in  the  compression  SAW  is  proportional  to  frequency.  Compressed 
pulses  will  appear  at  the  output  at  a time  proportional  to  the  doppler  frequency,  with  amplitude  propor  - 
tional  to  the  input  amplitude  of  each  spectral  component  of  the  input  time  sequence  of  samples.  The  num- 
ber of  filters  synthesized  is  proportional  to  the  time  bandwidth  product  of  the  compression  system. 

Frequency  weighting  of  the  expanded  pulse,  prior  to  multiplication  by  the  time  compressed  output,  is  pre 
ferred  to  reduce  time  side  lobes  and  thus  improve  the  signal  to  clutter  ratio  for  radar  applications. 

Modern  system  applications  of  the  CV  T processor  require  that  the  output  data  be  reported  to  a digital 
computer.  A CCD  memory  can  also  be  utilized  to  ease  this  interface.  The  analog  memory  can  sample 
and  store  the  filter  amplitudes.  Feedback  is  then  utilized  in  the  read  cycle  such  that  the  only  analog  sam 
pies  to  be  digitally  converted  are  those  that  pass  a given  criteria,  such  as  a threshold.  This  lowers  the 
throughput  such  that  an  inexpensive  slow  A/D  may  be  used. 

<!.  THE  CHIRP  * PROCESSOR 

The  Chirp  **  Transform  algorithm*  can  be  implemented  digitally  or  with  analog  transversal  filters.  The 
digital  implementation  is  not  as  efficient  as  the  FFT  algorithm,  however,  the  analog  transversal  filter 
approach  (CCD  or  SAW)  presents  formidable  competition.  The  hardware  system  described  is  implemen 
ted  with  SAW  dispersive  delay  lines  due  to  their  available  time-bandwidth  products  and  inherent  speed. 

The  basic  Chirp  V Transform  processor  at  IF  is  snown  in  Figure  1 using  a weighted  chirp  premultiply 
waveform.  This  expansion  chirp  time  is  equal  to  the  compressed  dwell  time  and  appears  coincident  for 
multiplication,  as  shown  in  Figure  l.  The  time  compressed  output  is  a "Box  Car"  waveform  comprised 
of  N samples  of  the  radar  receiver  output  S (t).  The  premultiply  function  is  made  up  of  a chirp  (in  this 
case  a down  chirp)  and  a weighting  function  W (t) 

w (t)  Rect  ( I exp  /j^ir  (f^t  - T) 

B = Compression  Chirp  Bandwidth 
T = Compression  Chirp  Time  Duration 
K = Gating  Factor 

fo  3 IF  Center  Frequency  of  Compression  SAW'  Delay  Line 


The  result  of  this  multiplication  is: 


S.(t)  W (t  > rect  (-£-_  ) exp 


(ft  - 


The  chirp  pulse  compressor  is  a SAW  line  with  a chirp  of  the  same  slope  ( — ^ — ) hut  opposite  sense  to  the 
premultiply  function  (here  an  up  chirp). 


rect  (-Tp— ) exp 


f-  4-) 


The  pulse  compression  output  can  be  determined  analytically  by  a convolution  of  (2)  and  (X).  This  will 
yield  a weighted  compressed  pulse  at  each  of  the  frequencies  contained  in  S.(t)  at  a proportional  amplitude. 


e (t)  = exp  (j2 


*p  11  (fo‘  + -T  T’)  / 


W(X)S.  (X  ) exp  (-jin  tx  ) dx 


The  result  in  (4)  is  directly  proportional  to  the  weighted  Fourier  Transform  of  S.  (t)  in  relative  amplitude 
but  with  quadratic  phase.  When  the  power  spectrum  is  desired,  the  compression  output  can  be  envelope 
detected  to  remove  the  IF  carrier  frequency  with  quadratic  phase. 


( X ) S.  (X  ) exp  (-j.nl 


I'he  expression  in  (S)  is  valid  for  large  time -bandwidth  products  such  that  the  residual  quadratic  phase  is 
linear  over  the  main  lobe  and  near  side  lobes.*  The  expression  above  is  essentially  equal  to  the  weighted 
Fourier  Transform  of  S.  (t),  the  receiver  output. 


In  the  frequency  domain,  each  spectral  component,  f,,  of  the  radar  output  contained  in  S.  (f)  has  translated 
the  weighted  expansion  signal  by  that  frequency  as  shown  in  Figure 


The  transform  pair  that  describe  this  operation  is  shown  in  Fquations  6 and  7. 


S.  (t)  = rect  ( 


) cos  2 1|  (f  - f.) 

o d 


S.  (f)  = T sine  ( nKTf)  6 (f  - f 


The  slope  of  the  expansion  chirp  is  equal  but  opposite  in  sense  to  the  compression  chirp  to  form  a matched 
filter.  The  duration  of  the  expansion  chirp  is  smaller  than  the  compression  by  a factor  K,  and  therefore 
O < K < 1. 


A tradeoff  is  possible  between  the  filter  coverage  (l-k)J  and  frequency  resolution  ( -^-^7—  ) by  varying 

the  gating  parameter  K (see  Table  1).  When  k - 0.  S the  maximum  number  of  filters,  K (1-K)  RT,  are 
synthesized.  The  expansion  waveform  can  be  generated  by  several  methods.  For  minimum  hardware, 
the  value  K should  bo  determined  and  an  expansion  SAW  line  with  dispersion  KT  should  be  designed  with 
built-in  weighting. 


Figures  4a  and  4b  show  the  effect  of  frequency  weighting.  Here  a gate  and  separate  Hamming  filter  were 
used  to  demonstrate  side  lobe  masking  of  a target  40  dR  below  a clutter  signal  for  1\  = 0.  *>.  Small  targets 
can  be  detected  much  closer  in  doppler  to  larger  ones  with  weighting,  despite  the  main  lobe  broadening. 


thf;  COMF1, K\  SYSTKM 


The  system  shown  in  Figure  l accepts  real  samples  and  yields  filter  magnitudes.  A complex  system  is 
required  to  determine  the  sense  of  vector  rotation  (approach  versus  recede  doppler). 


Figure  shows  the  full  complex  system  with  1 and  Q input  and  output  as  well  as  a quadratic  phase  cancella- 
tion postmultiply. 


I'he  l and  O outputs  (Fquations  8 and  9)  retain  the  measure  of  the  phase  angle  Oof  the  input  signal  rela- 

o o 

tive  to  the  processing  dwell. 


I (t)  = 


sin  II  T ( f , -t  Ktt,) 
d I 


(f,  4 K 7=,) 


U (t ) = 


sin  i|  T (f(j  4 K 7p) 


(f,  ♦ ki;> 


This  system  can  be  modified  to  do  the  following: 


a.  Complex  in  - Complex  out  (Figure  s) 

b.  Real  in  - Complex  out 

c.  Complex  in  - Real  out  (Reference  s) 

d.  Real  in  - Real  out  (Figure  1) 
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The  flexibility  indicated  here  is  attributed  to  the  IF  pulse  compression  arithmetic,  since  signal  phase  is 
preserved.  This  would  not  be  the  case  if  the  process  were  at  baseband,  where  a full  complex  process 
would  require  four  compression  lines  (convolutions )3  in  order  to  retain  phase.  The  system  in  Figure  5 
requires  one  compression  line  since  the  I-Q  precompression  arithmetic  is  a single  side  band  generator. 

Many  radar  applications  require  only  magnitude  information  from  the  spectrum  analyzer  for  target  detec- 
tion purposes.  However,  the  quadratic  phase  cancellation  postcompressive  multiply  can  prove  beneficial 
particularly  when  small  time  bandwidth  product  pulse  compression  is  used.  The  output  is  passed  through 
a low  pass  filter  to  yield  the  Fourier  Transform  with  side  lobe  performance  approaching  calculated  levels. 

The  postmultiply  provides  a down  conversion  from  IF  to  baseband  and  removes  the  effect  of  residual 
quadratic  phase.  Taylor  and  Hamming  weighting  use  sets  of  paired  echos  that  are  added  180  degrees  out 
of  phase  with  the  undesired  side  lobes  for  partial  cancellation.  With  high  time  bandwidth  products,  the 
phase  is  essentially  linear  over  the  compressed  pulse  and  the  significant  side  lobes.  The  180  degree 
phase  cancellation  is  effective  in  this  situation.  However,  for  low  time  bandwidth  products  the  quadratic 
phase  is  not  linear  over  the  significant  side  lobes.  In  this  case  there  is  a need  to  cancel  the  nonlinear 
phase  to  achieve  the  predicted  side  lobe  suppression  of  the  weighting  function.  With  quadratic  phase 
removed,  weighted  side  lobe  performance  will  be  independent  of  the  compression  ratio  as  shown  in 
Figure  6,  for  BT  = 10. 

4.  COMPARISON 

At  this  point  it  is  useful  to  compare  the  SAW  CET  signal  processor  with  other  similar  systems.  D,  D.  Buss, 
et  al,  3 made  a comparison  of  the  digital  FFT  and  the  all  CCD  C-ZT.  These  results  show  that  a simple 
I^L  FFT  produces  filters  at  a 50  kHz  rate,  while  the  CCD  CZT  operates  up  to  5 MHz.  The  SAW  CZT 
system  shown  here  operates  up  to  20  MHz,  since  the  CCD  memory  is  a serial  buffer  rather  than  a complex 
split  electrode  arithmetic  unit  as  in  the  all  CCD  approach. 

For  applications  that  require  high  speed  processing,  the  digital  FFT  will  require  additional  parallel  arith- 
metic units.  Thus,  for  high  speed  situations  the  CCD-SAW  CZT  will  effect  tremendous  savings  in  hard- 
ware. Also,  because  of  the  memory  configuration  (Time  Compression  Corner  Turner),  and  inherent  SAW 
speed,  one  chirp  Z processor  can  be  time  multiplexed  among  a number  of  input  channels. 

5.  CZT  COMPUTER  INTERFACE 

New  design  techniques  have  been  established  and  tested  which  reduce  the  complexity  and  cost  of  interfacing 
the  CZT  processor  with  a digital  computer.  In  target  acquisition  and  tracking  radars,  the  information  rate 
decreases  as  the  data  passes  through  the  system.  Data  rates  at  the  front  end  are  high  due  to  resolution 
and  ambiguity  requirements.  The  information  rate  is  substantially  reduced  in  passing  through  the  signal 
processor.  The  information  of  interest  usually  pertains  only  to  responses  above  threshold  in  the  detection 
case  and  to  the  small  amounts  of  data  necessary  to  range,  doppler,  and  angle  track  a target.  Techniques 
have  been  developed  to  selectively  pass  on  to  the  computer  only  those  data  that  are  meaningful.  This  has 
benefits  in  both  reducing  the  A/D  speed  and  the  computer  throughput. 

The  GET  to  computer  interface  problem  stems  from  the  fact  that  the  analog  filter  samples  may  have  to  be 
converted  to  digital  form  at  high  rates  due  to  the  throughput  rate  of  the  CZT,  even  though  the  average  rate 
of  desired  information  is  low.  This  can  occur  when  adjacent  filters  pass  the  threshold  test  and  must  be 
reported. 

A solution  to  this  problem  is  to  incorporate  an  A/D  converter  with  sufficient  conversion  speed  to  process 
the  full  output  bandwidth.  This,  however,  is  expensive  and  would  make  the  CZT  approach  less  attractive 
when  compared  to  the  digital  FFT. 

CCD  technology  can  be  used  to  produce  cost  effective  solutions  for  a problem.  In  this  application  the  CCD 
functions  fundamentally  as  a time  expander.  Two  variations  on  this  idea  have  been  developed  and  tested, 
one  for  a detection  channel  in  a ground  based  radar,  and  the  other  in  the  track  channel  of  an  airborne 
system. 

The  thresholded  CCD  buffered  A/D  was  designed  for  use  in  a target  detection  channel  as  shown  in  Figure  7. 

The  CZT  video  output  is  sampled  by  a CCD  at  up  to  a 20  MHz  write  rate,  while  the  read  rate  is  variable 
depending  on  the  threshold  setting.  As  each  analog  filter  sample  is  read  from  the  serial  CCD  memory, 
its  magnitude  is  compared  to  an  externally  supplied  threshold  voltage.  The  comparator  output  is  time 
discriminated  with  the  bit  one  A/D  convert  edge.  At  this  instant  of  time,  only  valid  data  will  permit  a full 
8 -bit  conversion.  Then  either  the  bit  one  convert  edge  or  the  end  of  conversion  pulse  is  used  to  shift  the 
CCD  to  the  next  sample  and  the  next  A/D  conversion.  The  end  of  convert  (EOC)  pulse  is  used  to  interrupt 
the  computer  when  a sample  exceeds  the  threshold.  The  hybrid  A/D  controls  the  reading  of  CCD  analog 
data  samples  as  well  as  performing  the  conversion.  A major  reduction  in  A/D  speed  and  computer  through- 
put has  been  accomplished,  since  noise  is  discarded  while  only  valid  signals  are  fully  digitized. 

The  second  approach,  for  the  track  data,  is  shown  in  Figure  8.  In  this  case,  the  amplitudes  of  a known 
group  of  filters  is  desired  to  provide  inputs  for  the  computer  doppler  and  range  tracking  loops.  The 
required  filters  are  sampled  and  shifted  into  the  CCD  memory  at  a 5 MHz  rate.  The  CCD  clock  is  then 
lowered  by  more  than  an  order  of  magnitude  such  that  a 6 ps  hybrid  A/d  converter  can  be  used.  It  is 
necessary  in  this  design  to  keep  the  dc  offset  introduced  in  the  CCD  time  expander  small  such  that  tracking 
biases  are  minimized.  This  was  accomplished  by  using  two  CCD  registers  in  a full  differential  analog 
mode.  Both  CCD  registers  are  in  the  same  chirp  and  thus  dark  current  induced  offsets  are  well  matched. 

An  order  of  magnitude  reduction  in  effective  offset  was  obtained  with  the  differential  technique. 
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5.2-4 

f>.  CiAT  TEST  RESULTS 

Two  Chirp  A Transform  signal  processors,  have  been  constructed  and  tested  for  radar  applications.  One 
application,  for  missile  borne  equipment,  stressed  the  importance  of  small  size,  low  power,  and  low  cost. 
The  other  application,  in  ground  based  radar,  has  as  key  features  a large  transform  size  and  high  through- 
put. 

The  system  parameters  of  the  missile  processor  are  described  in  Table  2. 


A block  diagram.  Figure  10,  shows  the  major  components.  This  processor  takes  single  input  (real)  data 
for  each  channel  and  delivers  both  real  (magnitude)  and  complex  outputs.  A threshold  is  developed  in  the 
processor  and  the  filter  magnitudes  are  checked  against  it  for  target  detections.  When  a target  has  been 
detected  and  verified,  the  complex  outputs  are  used  to  provide  the  guidance  computer  with  target  ampli- 
tude and  phase  data. 

the  line  addressable  eight  channel  CCD  memory  samples  and  stores  the  receiver  outputs  for  processing. 
When  455  samples  of  a given  channel  have  been  stored,  the  processing  cycle  for  that  channel  begins.  A 
voltage  pulse,  approximating  an  impulse,  is  impressed  upon  the  expansion  SAW  delay  line.  This  results 
in  an  expanded  chirp  signal  with  a duration  of  25  ps.  A 35  dB  Taylor  Weighting  function  was  built  in  to 
the  expansion  SAW  to  reduce  the  frequency  side  lobes.  Concurrently  with  the  expanded  chirp,  the  channel 
of  the  CCD  memory  is  clocked  out.  as  depicted  in  Figure  2.  The  two  signals  are  multiplied,  and  the  pro- 
duct enters  the  compression  SAW  delay  line.  The  envelope  of  the  compression  SAW  output  is  the  Fourier 
Transform  of  the  input  sequence.  This  output  is  log  magnitude  detected  to  provide  inputs  for  the  target 
detection  circuitry,  (see  Figure  b),  A second  expanded  chirp  is  generated  simultaneously  with  the  com- 
pression line  output.  This  second  expanded  chirp  is  used  as  a coherent  LO  for  down  converting  the  output 
to  video  while  preserving  phase  information.  This  produces  I and  Q outputs  for  six  midband  filters. 

These  twelve  I and  Q filter  amplitudes  are  shifted  at  a 5 MHz  rate  into  another  CCD  memory.  They  are 
subsequently  read  out  at  approximately  200  kHz  for  A/D  conversion  and  computer  interface.  Each  channel 
is  processed  in  succession  this  way. 

A photograph  of  the  Chirp  % Transform  modules  is  shown  in  Figure  11. 

The  parameters  of  the  CWT  processor  designed  for  the  ground  radar  are  described  in  Table  3. 

TABLE  3 

Number  of  Channels 
Number  of  Filters/Channel 
Channel  Process  Time 
Filter  Process  Rate  (throughput) 

Coherent  Integration  Time 
Filter  Bandwidth 
[_  Power 

The  CV.T  spectrum  analyzer  portion  of  this  processor  is  similar  in  architecture  to  the  unit  previously 
described.  The  processor  takes  real  inputs  from  the  receiver  and  produces  real  outputs  for  the  CCD 
buffered  A/D  converter. 

The  CCD  memory  consists  of  32  line  addressable  455  cell  shift  registers.  They  output  time  compressed 
data  to  the  SAW  processing  element.  The  SAW  delay  line  required  to  process  this  large  transform  has  a 
time -bandwidth  product  of  1420  (described  in  the  succeeding  section). 

Data  are  presented  in  Figures  12  and  13  to  show  the  level  of  performance  of  the  SAW  processor.  Figure 

12  is  the  log  detected  output  of  the  compression  line.  The  input  is  a pure  sinusoid  at  2 Mil/.  The  output 
shows  the  main  compressed  pulse  with  a second  harmonic  distortion  term  more  than  40  dB  down.  Figure 

13  shows  the  spectral  analysis  of  a 700  kHz  triangular  wave  in  order  to  demonstrate  multiple  target  capa- 
bility. A triangular  wave  produces  odd  harmonics  that  reduce  in  voltage  amplitude  as  the  inverse  square 
of  the  harmonic  number.  Table  4 lists  the  theoretical  values. 

The  unit  was  designed  to  produce  filters  from  zero  frequency  (on  the  left)  to  7 MHz  (tenth  harmonic)  which 
is  the  center  of  the  scope  display.  Extra  frequency  coverage  is  provided  due  to  the  additional  bandwidth 
of  the  compression  SAW  filter,  which  falls  off  slowly. 

A complete  355  point  transform  islperformed  in  only  100  ps,  for  a filter  throughput  rate  of  3.  5S  million 
filters  per  second.  This  is  orders  of  magnitude  faster  than  FFT  processor. 

The  performance  obtained  to  date  with  Chirp  i*  Transform  processors  indicate  that  the  CCD  time 
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355 
100  ps 
3.  55  MHz 
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TABLE  2 


1 Number  of  Channels 

8 

Number  of  Filter/Channel 

128 

Channel  Process  Time 

50 

Filter  Process  Rate  (throughput) 

2.  5 MHz 

Power  Requirements 

12  W 

Size 

, 

2 modules 

1 

(10  cm  x 17  cm  x 1,  2 5 cm) 
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TABLE  4 


T est 


Harmonic 

Frequency  (MHz) 

Amplitude  (-dB) 

1 

0.  7 

0 

3 

2.  1 

19 

5 

3.  5 

28 

7 

4.  9 

34 

9 

6.  3 

38 

11 

7.  7 

42 

13 

9.  1 

44 

1 
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compressor  portion  limits  the  overall  dynamic  range  to  30  - 40  dB.  This  is  due  to  the  pattern  noise  ex- 
perienced with  memories  such  as  the  Fairchild  CCD-321,  Keticon  SAM-64,  and  the  Raytheon  IK  buffer. 
The  SAW  pulse  compression  arithmetic  section,  however,  has  provided  dynamic  range  in  excess  of  40  dB. 

7.  DESIGN  OF  SAW  DEVICES 

The  SAW  delay  lines  utilized  for  the  C-KT  processors  are  Reflective  Array  Compressors  (RAC).  This 
structure  is  illustrated  in  Figure  14.  The  grating  structure  consists  of  grooves  which  are  ion  beam  etched 
into  the  substrate  material.  The  relative  spacing  of  the  grooves  controls  the  chirp  rate  and  the  groove 
depth  variation  along  the  substrate  controls  the  amplitude  function  of  the  impulse  response.  A built-in 
weighting  filter  function  can  be  obtained  by  appropriately  controlling  the  groove  depth  profile. 

A pair  of  SAW  lines  were  developed  for  the  128  point  processor  on  L.NbO  substrates.  An  up-chirp  expan- 
sion line  with  weighting  was  packaged  with  a down -chirp  flat -amplitude  compression  SAW.  The  use  of 
the  conjugate  fitter  simplifies  the  design  by  eliminating  the  need  for  a spectrum  inverter  and  external 
filter. 

The  design  parameters  for  this  pair  of  lines  is  displayed  in  Table  5, 


TABLE  6 


Down-Chirp  SAW 

Up-Chirp  SAW 

Center  Frequency 

Bandwidth 

Chirp  Hate 

Insertion  Loss 

Weighting  Function 

Dispersive  Delay 

60  MHz 

10  MHz 

-0.  1 MHz/ps 

30  dB 

Flat 

50  ps 

| ' i 

57.  5 MHz 

5 MHz 

+0.  2 MHz/ps 

30  dB 

35  dB  Taylor 

25  (is 

Size  (Pair) 

12.  5 cm  x 7.  5 cm 

x 1.  6 cm 

_ ...  j 

The  SAW  pair  developed  for  the  354  point  transform  were  constructed  on  substrates  of  bismuth  germanium 
oxide  (BGO).  The  design  parameters  are  shown  in  Table  6.  Because  of  the  relatively  long  impulse  response 
length  (100  &s  ),  BGO  was  chosen  as  the  substrate  material  in  view  of  its  relatively  slow  SAW  velocity. 

This  permitted  the  substrate  length  to  be  only  4.  2 5 in.  , whereas  equivalent  L.NbO  ^ devices  would  be  nearly 
9 in.  long.  Computed  performance  of  the  BGO  SAW  pair  is  shown  in  Figure  1*5, 


TABLE  6 


Down-Chirp  SAW 

Up-Chirp  SAW 

Center  Frequency 

1 10  MHz 

1 13.  55  MHz 

Bandwidth  (3  dB) 

14.  2 MHz 

7.  10  MHz 

Chirp  Rate 

-0.  142  MHz/ps 

+0.  142  MHz/ps 

Insertion  Loss 

40  dB 

34  dB 

Weighting  Function 

Flat 

35  d B Taylor 

Impulse  Response  Length 



100  pB 

50  ps 

8.  THE  CCD  MEMORY 

Many  benefits  are  derived  by  the  incorporation  of  CCD  technology  into  the  SAW  IF  Chirp  7 Transform 
Signal  Processor.  Both  the  SAW  line  and  the  CCD  operate  in  the  analog  domain,  and  thus  the  use  of  high 
speed  A/D  converters  can  be  avoided  in  the  design  of  the  spectrum  analyzer.  CCDs  are  especially  advan- 
tageous when  wide  bandwidths  are  required  because  of  their  nonosecond  sampling  aperture.  They  also 
reduce  memory  size,  since  one  analog  storage  location  takes  the  place  of  approximately  eight  digital 
locations. 

CCD  memories  are  inherently  low  power  devices  because  no  static  power  is  required  in  the  storage  ele 
ment.  The  only  power  required  is  that  to  charge  the  clock  capacitance,  and  to  provide  bias  to  the  output 


buffer  circuit.  The  low  power  dissipation  should  also  result  in  improved  reliability  as  compared  with 
digital  T*  L memories.  In  addition,  low  power  density  allows  large  amounts  of  storage  on  a single  chip. 
This  will  further  reduce  the  physical  size  of  signal  processors  utilizing  the  technology. 

8.  I Device  Considerations 

Careful  consideration  must  be  given  to  the  selection  of  a CCD  memory  for  the  time  compressor  memory. 
The  parameters  of  the  CCD  will  determine  in  large  part  the  limits  of  application  as  well  as  the  obtainable 
processor  performance.  The  three  governing  CCD  parameters  are  bandwidth,  storage  time,  and  dynamic- 
range.  I'he  choice  of  a CCD  involves  determining  whether  surface  or  buried  channel  devices  best  match 
the  processing  requirements. 

The  bandwidth  of  a CCD  is  directly  related  to  the  efficiency  of  charge  transfer  from  cell  to  cell.  It  is 
desirable  to  employ  CCDs  for  the  time  compressor  memory  that  have  nE  products  less  than  0.  1 at  the 
read  out  frequency.  The  term  nK  is  the  product  of  the  number  of  charge  transfers  from  input  to  output 
(n),  and  the  charge  transfer  inefficiency  per  transfer  (E).  The  nF  produce  of  0.  1 translates  to  an  attenu- 
ation of  1.  7 dB  at  the  Nyquist  frequency.  ^ The  smaller  the  nE  product  is  for  a given  device,  the  more 
uniform  the  spectrum  analyzer  response  will  be  over  the  frequency  band. 

CVT  processors  require,  for  K = 0.  * in  Table  1,  that  the  CCD  bandwidth  be  equal  to  the  SAW  expansion 
line  bandwidth.  Current  <lesigns  require  band  widths  up  to  * MHz  at  clock  rates  as  high  as  three  times 
the  bandwidth.  The  additional  clock  speed  over  the  Nyquist  rate  may  be  required  for  oversampling 
(aliasing)  considerations. 

The  buried  channel  CCD  memories  have  a higher  bandwidth  and  speed  potential  than  does  surface  channel. 
The  buried  channel  devices  that  have  been  used  have  8 MHz  of  bandwidth  at  a 20  MHz  clock  rate.  Avail- 
able surface  channel  memories  have  been  limited  to  less  than  * MHz  bandwidth  at  a 10  MHz  clock  rate. 

The  storage  time  of  a CCD  is  limited  such  that  the  peak  to  peak  amplitude  of  the  largest  expected  signal 
will  not  be  clipped  due  to  cell  leakage  current  accumulation.  Signal  clipping  will  result  in  harmonic  dis- 
tortion terms  that  will  severely  limit  the  dynamic  range  of  the  processor.  Also,  because  leakage  current 
increases  with  increasing  temperature,  sufficient  margin  must  be  allowed  for  the  accumulation  of  leakage 
current  at  the  highest  operating  temperature.  This  margin  has  the  effect  of  reducing  the  available 
dynamic  range  potential  at  lower  operating  temperatures. 

The  offset  voltage  generated  in  a time  compressing  memory  has  the  form  of  a ramp  function  for  uniform 
distribution  of  leakage  current.  This  is  due  to  the  fact  that  each  subsequent  sample  resides  in  the  CCD 
memory  a progressively  smaller  amount  of  time.  The  spectral  power  of  this  ramp  appears  in  the  lowest 
frequency  filter  along  with  IF  multiplier  feedthrough.  This  however,  has  not  posed  a limitation  in  system 
applications. 

The  surface  channel  CCD  has  superior  leakage  current  characteristics  and  thus  is  useful  in  applications 
requiring  long  storage  times.  Data  on  existing  Raytheon  units  show  that  SO  msec  storage  time  is  possible 
at  70°C.  The  commercial  buried  channel  memories  have  been  limited  to  less  than  10  msec  at  **°C. 

The  dynamic  range  of  the  CCD  is  the  ratio  of  the  largest  signal  that  can  be  passed  with  acceptable  dis- 
tortion to  the  largest  unwanted  spectral  component  in  the  frequency  band  of  interest.  The  largest  signal 
level  is  set  such  that  it  does  not  clip  at  the  highest  operating  temperature  due  to  leakage  currents.  The 
unwanted  components  stem  from  CCD  noise,  CCD  pattern  signals,  and  pickup  from  colocated  digital  timing 
logic.  The  pattern  signal  is  the  set  of  output  voltages  that  result  when  clocking  the  CCD  with  zero  input 
signal.  This  variation  can  be  caused  by  nonuniform  cell  leakage  currents  or  by  layout  discontinuities 
such  as  in  the  serpentine  structure.  The  voltage  pulses  that  are  produced  are  Fourier  transformed  by  the 
SAW  line  pair.  This  results  in  a broad  unwanted  spectrum  that  masks  otherwise  detectable  signals.  This 
has  been  the  major  limitation  in  dynamic  range  with  the  commercial  buried  channel  CCD  memories. 
Experience  has  shown  that  dB  to  40  dB  of  dynamic  range  is  achievable.  This,  however,  is  contrasted 
with  the  more  than  *0  dB  of  dynamic  range  available  with  the  pulse  compression  arithmetic. 

8.2  Special  Configurations 

In  order  to  further  reduce  size  and  complexity  of  the  tVT  signal  processor,  more  data  must  be  stored  in 
the  CCD  chip  with  an  organization  suited  for  pulse  radar  processing.  This  need  has  led  to  the  concept  of 
the  IK  Corner  Turning  Memory.  It  is  currently  in  development  as  a surface  n channel  device.  A block 
diagram  and  photograph  of  the  monolithic  chip  are  shown  in  Figure  16. 

Two  blocks  of  *>12  data  cells  are  provided  and  operated  in  parallel  from  common  clocks  and  address  inputs. 
This  forms  two  separate  data  channels,  one  for  in-phase,  and  one  for  quadrature  data  samples.  Each 
block  of  *12  cells  is  organized  as  eight  64  cell  two-phase  CCD  registers  with  externally  and  independently 
addressable  input  and  output  select  capability.  The  addressing  is  accomplished  using  two-phase  dynamic 
digital  shift  registers  integrated  with  the  CCD. 

The  Corner  Turning  function  is  provided  by  multiplexing  the  eight  CCD  register  inputs.  This  is  accom- 
plished by  filling  all  input  potential  wells,  and  ihen  spilling  only  the  well  of  the  CCD  register  that  is 
addressed.  Each  register  is  addressed  in  succession.  This  is  repeated  64  times  to  load  the  memory. 

The  memory  is  read  out  by  sequentially  addressing  each  channel  and  providing  64  clock  cycles. 

The  Corner  Turner  memory  was  designed  to  meet  the  performance  goals  as  outlined  in  Table  7. 
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TABLE  7 


Dynamic  Range 
Insertion  Loss 
Input  Sample  Rate 
Output  Sample  Rate 
Power  Dissipation 

Storage  Time  at  85  *C 
(10  percent  well  filled) 

Chip  Size 


40  dB 
< 0 dB 

IS  MHz  (Max) 
5 MHz  (Max) 
*00  mW 

3.  S ms 

1J0  x ISO  mils 


Fabrication  is  by  a conventional  poly/aluminum  gate  n channel  CCD  process  using  ion  implantation  to 
achieve  threshold  tailoring  and  two  phase  operation. 

9.  SUMMARY 

This  paper  has  described  an  application  where  CCD  and  SAW  technologies  can  be  combined  to  achieve 
benefits  in  processor  throughput,  si/.e,  power,  and  cost.  The  CCD  serves  as  both  sampler  and  memory, 
and  thus  one  monolithic  network  has  replaced  expensive  high  speed  A/D  converters  and  the  associated 
digital  memory.  The  passive  SAW  pulse  compression  Fourier  Transform  operates  faster  than  conven- 
tional digital  approaches  and  can  be  economically  mass  produced. 

Experience  has  shown  that  improvements  are  necessary  in  CCD  storage  time  and  dynamic  range  to  more 
fully  realize  the  potential  of  the  IF  Chirp  4*  Transform  processing  technique. 
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Figure  1 - The  Basic  Implementation  of  the  SAW 
Chirp  Z- Transform 


Figure  2.  - Multiplication  Factors:  Weighted  Chirp 
and  Gated  Video 
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Figure  5 - Complex  SAW  Chirp  Z - System 
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Figure  6 - Computer  Simulation  Shows  Effect  of  Residual  Quadratic  Phase  on  BT 
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Figure  7 - Thresholded  CCD  Buffered  A/D 
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Figure  8 - Differential  CCD  Time  Expander 


Figure  9 - Spectrum  Analyzer  Magnitude  Output 
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Roberts 

1 Wlul  level  of  spectral  sidelobes  were  actually  achieved? 

2 When  using  CCD  time  compression  stores  for  I and  (,>data.  do  you  find  it  a problem  to  match  the  two 
channels  well  enough  to  allow  adequate  image  rejection? 

Author’s  Reply 

1 I he  spectral  sidelobes  achieved  in  the  missile  processor  were  32  db  below  the  peak  of  the  compressed  pulse. 

2 We  have  experienced  a problem  in  matching  the  responses  across  the  range  channel  of  the  processor. 

It  is  necessary  at  this  time  to  select  C'C'l)  devices  to  achieve  matching  to  within  one  db.  I am  sure  device 
selection  would  have  to  be  done  to  achieve  a sideband  suppression  of  more  than  35  db. 
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SPECTRAL  ANALYSIS  USING  THE  CCD  CHIRP  Z-TRANSFORM 

W.  L.  Eversole,  D.  J.  Mayer,  P.  W.  Bossharl 
M.  de  Wit,  C.  R.  Hewes,  and  D.  D.  Buss 
Texas  Instruments  Incorporated 
Dallas,  Texas 

SUMMARY 

The  CCD  analog  transversal  filter  is  a tremendously  cost-effective  component  in  terms  of  its  simplicity 
compared  to  equivalent  digital  hardware.  In  view  of  this,  the  chirp  z-transform  (CZT)  algorithm  for  per- 
forming spectral  analysis  is  ideally  suited  to  CCD  implementation  because,  in  this  algorithm,  the  bulk 
of  the  computation  Is  performed  in  a transversal  filter.  The  CCD  CZT  has  some  performance  limitations 
relative  to  the  digital  fast  Fourier  transform  (FFT)  , and  for  this  reason,  It  Is  not  applicable  to  all 
signal  processing  systems.  However,  for  those  applications  which  fall  within  the  CCD  performance  capa- 
bilities, the  CZT  offers  significant  potential  cost  savings  over  the  digital  FFT.  This  paper  begins  with 
a review  of  CCD  CZT  spectral  analysis  techniques.  Results  are  then  presented  on 

• A 500-point  CCD  CZT  implemented  with  CCD  filters  and  discrete  components 

• A 32-point  completely  integrated  CCD  CZT  1C. 

The  paper  concludes  with  a discussion  of  CCD  CZT  applications. 

1.  INTRODUCTION 

Charge-coupled  device  (CCD)  analog  transversal  filters  can  be  used  to  perform  the  discrete  Fourier  trans- 
form (OFT)  on  electrical  signals  using  an  algorithm  called  the  chirp  z-transform  (CZT).  (Whitehouse, 
Speiser,  Means,  1 973) (Rab i ner , Schafer,  Rader,  1969)  The  CCD  CZT  has  been  demons t rated , (Brodersen,  Hewes, 
Buss,  1976)  and  it  has  been  proposed  as  a replacement  for  the  digital  fast  Fourier  transform  (FFT),  In 
a number  of  signal  processing  applications.  (Buss,  Veenkant , Brodersen,  Hewes,  1975)  It  is  the  purpose 
of  this  paper  to  review  CCD  CZT  spectral  analysis  techniques  and  to  present  results  on  state-of-the-ar t 
CCD  CZT  technology. 

Section  2 reviews  the  CZT  algorithm,  and  discusses  the  advantages  of  CCD  implementation.  The  sliding 
CZT  which  Is  useful  in  many  spectra)  analysis  applications  Is  discussed,  and  the  performance  limitations 
of  the  CZT  are  reviewed. 

Section  3 presents  the  design  and  evaluation  results  on  two  CCD  CZT  deve lopmenta I systems 

• A 500-point  sliding  CZT  which  is  implemented  with  two  CCD  filter  ICs  together 
with  discrete  circuitry. 

• A completely  integrated  32-point  CCD  CZT  1C. 

At  the  time  of  the  writing  of  this  manuscript,  evaluation  of  the  32-point  CZT  unit  Is  not  complete  and 
is  omitted  from  the  text.  Evaluation  will  be  completed  by  October  1977,  however,  and  detailed  performance 
results  of  the  32-point  CZT  1C  will  be  presented  orally  at  the  conference. 

Section  k concludes  with  a discussion  of  the  application  of  the  CCD  CZT  to  radar  signal  processing,  video 
bandwidth  reduction,  speech  processing  and  other  systems  requiring  spectral  analysis. 

2.  CCD  CZT  SPECTRAL  ANALYSIS 


The  Fast  Fourier  Transform  (FFT)  algorithm  Is  currently  the  most  widely  used  technique  for  implementing 
spectra)  analysis.  It  is  important  because  It  requires  only  N/2  1og2N  complex  multiply  operations  to 
perform  an  N-point  Discrete  Fourier  Transform  (DFT)  as  compared  with  N^  complex  multiply  operations 
required  to  directly  implement  the  DFT  formula 


N-1 
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n*0 


f e 
n 


- i 2nnk/N 


(1) 


From  the  standpoint  of  minimizing  the  number  of  digital  operations  required  to  perform  the  DFT,  the  FFT 
algorithm  Is  optimum.  However,  in  determining  the  optimum  algorithm  for  implementation  with  analoq  CCD's, 
a whole  new  set  of  ground  rules  exists.  It  Is  no  longer  important  to  minimize  multiplications,  because 
CCD  transversal  filters  can  be  built  which  perform  a large  number  of  multiplications  simultaneously  in  real 
time.  Consequently,  for  CCD  implementation,  algorithms  should  be  selected  In  which  the  bulk  of  the 
computation  Is  performed  by  a transversal  filter.  Two  such  algorithms  have  been  identified  for  cost- 
effective  CCD  implementation;  the  CZT  and  the  prime  transform.  (Radar,  1968)  Only  the  CZT  is  discussed 
In  this  paper. 

CZT  Algorithm 


The  CZT  gets  Its  name  from  the  fact  that  it  can  be  Implemented  by  (1)  premultiplying  the  time  signal  with 
a chirp  (linear  FM)  waveform,  (2)  filtering  In  a chirp  convolution  filter,  and  (3)  post mu  1 1 1 ply  I ng  with  a 
chirp  waveform.  When  implemented  digitally,  the  CZT  has  no  clear  cut  advantages  over  the  conventional  FFT 
algorithm.  However,  the  CZT  lends  itself  naturally  to  Implementation  with  CCD  transversal  filters. 


Starting  with  the  definition  of  the  DFT  given  In  equation  (1),  and  using  the  substitution 

2nk  ■ n^  ♦ k^  - (n  - k)^ 
the  following  equation  results: 
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This  equation  has  been  factored  to  emphasize  the  three  operations  which  make  up  the  CZT  algorithm, 
illustrated  In  Figure  1. 


It  is 


To  implement  the  conventional  N-point  CZT,  the  CCD  filters  are  chirp  filters  of  length  2N-1  which  chirp 
from  -f  to  +f  , and  the  premultiply  waveform  has  a time  duration  N/f  and  chirps  front  zero  to  -f  . A 
physical  interpretation  In  terms  of  correlation  of  the  input  chirp  wi^h  the  filter  is  given  in  Fi§ure  2. 

When  the  input  signal  has  zero  frequency,  the  product  with  the  premultiply  chirp  results  in  an  input 
waveform  to  the  filter  which  chirps  from  0 to  -f  . The  samples  corresponding  to  frequencies  near  f - 0 are 
clocked  into  the  filter  first,  and  those  near  f £ -f  are  clocked  in  last.  This  sequence  of  samples  results 
in  a correlation  peak  at  t * t , when  the  product  waveform  has  been  clocked  Into  the  first  half  of  the 
filter.  When  the  input  frequency  is  fj  + 0,  the  product  with  the  premultiply  chirp  results  in  an  input  to 
the  filter  which  chirps  from  f^  to  -f  +fj.  The  Input  waveform  (V j x chirp)  in  Figure  2 corresponds  to  an 
Input  signal  at  a frequency  fj  at  timS  t - tQ.  This  waveform  is  shifted  to  the  right  as  t increases 

resulting  in  a correlation  peak  at  t \ . The  shift  in  time  relative  to  the  dc  correlation  peak  is 
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In  this  way,  the  time  axis  of  the  output  is  calibrated  in  frequency.  The  postmultiply  is  needed  to  obtain 
the  proper  phase  of  the  DFT  coefficients  and  can  be  omitted  when  phase  is  not  required. 

Several  undesirable  features  of  this  implementat ion  become  apparent  from  the  above  description.  The  output 
must  be  blanked  during  the  loading  of  the  chirp  into  the  filter,  and  the  input  must  be  set  to  zero  during 
the  calculation  of  the  coefficients.  Also  undesirable  Is  the  inefficient  use  of  the  CCDs  since  only  half 
of  the  CCD  filter  has  useful  information  at  any  point  in  time. 


2.2 


Sliding  CZT 


For  DFT  appl icat ions , such  as  video  bandwidth  reduction,  (Means,  Whitehouse,  Speiser,  197*0  in  which  the 
transform  is  to  be  inverted  to  regain  the  original  signals,  the  CZT  is  performed  in  the  way  described 
above.  However,  in  many  applications,  it  is  desired  to  obtain  a measure  of  the  spectral  energy  density  of 
a quas i -per i od i c waveform  or  a quas i -stat i onary  random  process.  For  these  appl icat ions , the  phase  of  the 
transform  is  not  important.  In  addition,  the  true  DFT  is  not  performed,  but  the  input  data  are  apodized 
or  windowed  by  an  appropriate  windowing  function  w to  suppress  frequency  sidelobes  in  the  spectrum. 
(Rabiner,  Gold,  1975)  The  desired  result  is 
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Using  the  substitution  of  equation  (2)  in  equation  (5)  gives 
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In  this  case,  simplification  of  the  CZT  algorithm  results  from  two  observations:  ( 1 ) The  postmultiply 
operation  can  be  eliminated  and  (2)  The  sliding  CZT  can  be  used. 

The  sliding  DFT  is  defined  in  this  paper  to  be 
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and  It  gives  a windowed  power  density  spectrum 
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Comparison  of  equations  (8)  and  (9)  with  equations  (5)  and  (6)  indicates  that  the  sliding  CZT  differs  from 
the  conventional  CZT  in  that  the  sliding  CZT  indexes  the  data  each  time  a spectral  component  is  calculated. 
For  a periodic  waveform,  indexing  results  in  a phase  factor  which  does  not  affect  the  result,  and  for  a 
stationary  random  signal,  the  time  record  is  different  for  each  spectral  component  but  statlonarlty  insures 
that  the  result  is  unaffected.  For  these  two  classes  of  signal  the  slidinq  CZT  gives  the  same  result  as  the 
conventional  CZT. 


5.3-3 


Figure  3 gives  a pictorial  comparison  between  the  conventional  CZT  and  the  sliding  CZT  for  the  simple  case 


of  a 3'polnt  transform.  With  the  conventional  CZT,  all  three  Fourier  coefficients  Fq,  Fj,  F,  are  calculated 


using  the  first  three  time  samples  fn 


the  next  three  clock  periods,  so  that  time  samples  f 


I • r2 

j,  fj.  These  coefficients  are  being  calculated  by  the  filter  during 


i s i j-  must  i>c  uiaimcu.  Then  the  cycle  repeats  as  shown 
in  Fiqure  3a.  Using  the  sliding  CZT,  Fg  is  calculated  on  the  sample  record  fQ,  fj,  f2  as  before,  but  F^  is 
calculated  on  the  sample  record  f } , f ^ , f , F|  on  the  record  f2,  fj,  and  the  next  Fjj  computation  is  made 
of  the  sample  record  fj,  f^,  f^.  The  sample  record  is  continually  updated  by  replacing  the  oldest  sample 
with  a new  one.  The  above  description  shows  that  N Fourier  coefficients  are  obtained  for  N time  samples 
(100*  duty  cycle) . 


The  advantages  of  the  sliding  CZT  are  (1)  For  an  N-point  transform,  N-stage  filters  are  required  which 
chirp  through  a bandwidth  f (-f  /2  to  +f  /2  for  example).  (2)  No  blanking  is  required.  The  filters  oper- 


ate with  100*  duty  cycle;  i?e.,  one  spectral  component  out  for  each  time  sample  in.  (3)  Windowing  can  be 


achieved  by  weighting  the  chirp  impulse  response  of  the  filter  with  the  desired  window  function,  (4)  The 
degradation  due  to  imperfect  charge  transfer  efficiency  is  less  for  the  sliding  CZT  than  for  the  conventional 
CZT. 


2.3 


Accuracy  of  CCD  CZT 


The  sources  of  error  in  a CCD  CZT  are  (l)  thermal  noise,  (2)  quantization  of  the  pre-  and  postmultiply  chirp 
waveforms,  (3)  weighting  coefficient  error  in  the  CCD  transversal  filters,  and  (4)  CTE.  When  the  criterion 
of  rms  error  to  rms  signal  is  applied,  imperfect  CTE  generates  large  errors,  because  the  errors  add  coher- 
ently. Because  of  this  fact,  however,  CTE  effects  can  be  treated  as  a resolution  degradation  and  not  as 
"random"  error. 


Thermal  noise  is  analogous  to  input  quantization  in  a digital  FFT  because  it  generates  an  error  which  is 
independent  of  signal  size.  Assuming  the  rms  noise  referred  to  the  input  is  60  dB  below  the  maximum  peak 
signal,  the  equivalent  quantization  accuracy  is  8 bits  plus  sign.  At  higher  signal  levels  thermal  noise, 
like  input  quantization  noise  in  a digital  FFT,  is  dominated  by  signal  dependent  errors. 


Errors  which  result  from  the  8-bit  quantization  of  the  chirp  signals  dominate  the  rms  error  of  the  500- 
point  CZT  and  given  rise  to  an  rms  error  to  rms  signal  of  about  .003.  (Brodersen,  Hewes,  Buss,  1976) 


Weighting  coefficient  error  arises  from  a number  of  sources,  but  let  us  assume  as  a model,  that  the 
placement  of  the  gap  in  the  split  electrodes  is  quantized  in  steps  of  6 during  photomask  fabrication.  6 
can  be  made  as  small  as  10  pin,  and  the  channel  width  W is  typically  5 mil  giving  6/W  « .002.  This  is 
equivalent  to  quantizing  the  weighting  coefficients  to  8 bits  plus  sign  and  is  analogous  to  twiddle  factor 
quantization  in  the  FFT.  The  rms  error  to  rms  signal  which  would  result  for  a 500-polnt  CCD  CZT  is  on  the 
order  of  .0008.  (Brodersen,  Hewes,  Buss,  1976) 


The  two  error  sources  discussed  above  are  independent  of  the  number  of  points  N in  the  transform  and  are 
indicated  by  the  dashed  line  in  Figure  4.  Also  shown  in  Figure  4 are  the  results  of  a computer  simulation 
of  error  using  randomly  generated  errors. 


For  comparison  with  the  digital  FFT,  a block  floating  point  truncation  algorithm  is  assumed. 


The  most  important  source  of  error  in  this  type  of  FFT  is  usually  overflow  and  round-off  of  data  words 
during  butterfly  computat ion . If  the  data  words  are  carried  with  "b"  bits  plus  sign,  an  upper  bound  on 
error  in  a block  floating  point  machine  can  be  determined  assuming  overflow  occurs  at  every  stage.  The 
result  is  (Welch,  1969) 


.3  *’B 


(10) 


If  the  twiddle  factors  are  quantized  to  the  same  .curacy  as  the  data  words,  AR  dominates  FFT  error. 


Although  equation  (10)  does  not  contain  the  input  signal  size  explicitly.  A^  does  scale  in  a general 


way  with  signal  because  for  smaller  signals,  overflow  does  not  occur  at  every  stage.  The  dependence  of 
A_  on  the  length  of  the  transform  indicates  that  higher  accuracy  (larger  b)  is  required  for  longer  trans- 
forms . 


For  fixed  b,  A_  Increases  like  and  it  is  plotted  in  Figure  4 for  the  case  b * 13.  Figure  4 shows  that 
a 512-point,  block  floating  point  FFT  with  14-bit  internal  arithmetic  Is  comparable  in  terms  of  rms  error 
to  the  CCD  CZT. 


The  performance  limitations  of  the  CCD  CZT  and  the  digital  FFT  are  summarized  in  Table  1. 


3. 


CCD  CZT  DESIGN  AND  PERFORMANCE 


In  this  section,  some  previously  published  results  on  a 500-point  sliding  CZT  system  are  reviewed, 
(Brodersen,  Hewes,  Buss,  1976)  and  the  design  of  a completely  integrated  32-point  CZT  Is  presented.  At  the 
time  of  this  writing,  evaluation  of  the  32-point  CZT  1C  Is  not  complete.  Evaluation  will  He  completed  by 
October  1977,  however,  and  detailed  performance  results  will  be  persented  orally  at  the  conference. 


Performance  of  the  500-Point  CCD  CZT 


The  block  diagram  for  obtaining  the  spectral  density  using  the  sliding  CZT  is  shown  in  Figure  5-  The 
rectangles  represent  CCD  filters  having  impulse  responses  wn*  cos  irnVN  and  wn  • sin  nn  /N,  -N/2<n«>N/2- 1 . 
This  system  has  been  implemented  using  500-stage  CCD  filters.  If  a windowed  transform  is  required,  the 
desired  window  function  w^  Is  coded  into  the  photomask.  Systems  have  been  demonstrated  without  windowing 


and  with  Hamming  windowing.  (Brodersen,  Hewes,  Buss,  1976) 


The  exper Internal  Implementation  of  Figure  5 utilized  two  CCD  ICs  each  containing  two  500-stage  filters. 

The  premultiply  chirps  were  stored  with  8-bit  precision  in  ROMs.  Multiplication  was  performed  in  discrete 
multiplying  digital  to  analog  converters  (MDACs),  and  the  squaring  operation  was  performed  in  bipolar 
analog  multipliers.  This  experimental  demonstration  required  33  1C  packages  in  addition  to  the  two  CCD 
packages  and  16  discrete  MOSFETs. 

The  operation  of  this  system  is  illustrated  in  Figures  6 and  7.  Figure  6 shows  the  response  of  the  system 
clocked  at  20  kHz  to  sinusoidal  input  signals.  Figure  7 shows  the  response  of  the  system  clocked  at  25  kHz 
to  a 200  Hz  square  wave.  The  output  spectrum  shows  odd  harmonics  which  decrease  in  amplitude  approximately 
as  f/n^.  The  effect  of  imperfect  CTE  is  visible  in  Figure  7c  as  indicated  by  the  arrow. 

The  system  of  Figure  5 is  limited  in  dynamic  range  by  the  squaring  amplifiers,  which  are  implemented  with 
analog  multipliers.  The  multipliers  have  output  dynamic  range  of  approximately  80  dB,  thereby  limiting  the 
input  dynamic  range  to  only  40  dB.  The  overall  system  up  to  the  squaring  multipliers  has  approximately  70 

dB  dynamic  range,  so  the  squaring  multipliers  are  the  weak  link  that  limits  dynamic  range.  To  circumvent 
this  problem,  an  improved  magnitude  circuit  was  implemented  using  bipolar  amplifiers,  and  the  output  was 
applied  to  a log  amplifier.  The  dynamic  range  improvement  is  illustrated  in  Figure  8.  In  the  top  photograph 
the  maximum  signal  is  applied  to  a CZT  unit  with  Hamming  windowing.  With  the  peak  at  0 dB  the  sidelobes  are 
at  -40  dB.  In  the  middle  photograph  the  input  sinusoid  has  been  attenuated  by  20  dB,  and  in  the  bottom 
photograph  it  has  been  attenuated  by  40  dB.  The  noise  level  in  the  bottom  photograph  is  around  -60  dB. 

This  illustrates  clearly  that  the  CCD  CZT  Is  capable  of  60  dB  dynamic  range. 

3.2  CCD  CZT  1C 

As  seen  in  equation  3 and  Figure  1,  the  CZT  algorithm  is  made  up  of  three  operations:  premultiply,  convolu- 
tion and  postmul t iply . If  all  these  operations  could  be  integrated  onto  a single  substrate  considerable 
savings  in  power,  weight  and  size  could  be  realized.  This  section  describes  the  design  of  a completely 
integrated  32-point  CCD  CZT  1C  which  contains 

• 4 64-stage  CCD  filters 

• Clock  logic  and  clock  drivers 

• Multiplying  D/A  converters  (MDACs) 

• ROM  to  store  premultiply  and  postmul tiply  chirps. 

In  an  effort  to  provide  the  greatest  possible  flexibility,  the  1C  was  partitioned  into  three  main  sections. 
The  first  and  second  sections,  shown  in  Figure  9 and  10,  contain  two  MDACs  each.  The  internal  ROM  and  the 
external  ROM  inputs  are  available  to  both  MDAC  sections.  ROM  select  circuitry  allows  each  MDAC  to  multiply 
the  analog  input  signal  by  either  an  internal  or  an  external  signal.  The  internal  ROM  and  the  up/down 
counter  used  to  address  it  are  shown  in  Figure  9. 


The  main  section  of  the  1C  is  contained  in  section  three,  which  is  shown  in  Figure  11.  This  contains  the 
CCD  input  amplifiers,  which  have  provisions  for  blanking  the  inputs  to  the  CCD;  the  64-bit  CCD  transversal 
filters,  which  perform  most  of  the  computation  required  for  the  CZT;  and  the  differential  current  integrators 
(DCI)  used  as  the  output  amplifier  for  the  CCD  filters.  Buffer  amplifiers  are  provided  for  the  outputs  of 
the  DC  I s . 

With  this  three-section  scheme,  any  one  section  can  be  used  i ndependent I y with  any  other  section  or  chip  to 
implement  several  signal  processing  applications. 

Integration  of  MDACs 

The  implementation  of  the  CZT  requires  the  input  data  to  be  premultiplied  by  a chirp  waveform  before  filter- 
ing in  a CCD.  This  multiplication  can  be  easily  implemented  with  MDACs  based  on  a capacitive  divider  network 

(McCreary , Gray , 1975)  approach.  Each  MDAC  output  is  an  analog  signal  whose  value  is  proportional  to  the 
product  of  an  analog  input  signal  and  a digital  word.  In  addition  to  performing  the  pre-  and  postmul t i plys 
needed  for  the  CZT  algorithm,  the  MDACs  can  also  be  used  to  perform  multiplication  by  a reference  signal 
for  correlation  appl i cat  ions . The  area  occupied  by  an  8-bit  MDAC  can  be  very  small  (0.6  x 0.9  mm*) , and 

the  power  required  can  be  small  if  the  load  is  a small  CCD  input  capacitance. 


The  CCD  CZT  1C  contains  two  M0S  ROMs  which  supply  the  cosine  and  sine  chirp  signals  to  the  MDACs.  Since 
the  chirp  signal  is  symmetrical  about  the  1 6 1 h point  each  ROM  contains  17,  8-bit  words  and  is  addressed 
by  a l 7 stage  up/down  ring  counter.  A bit  is  coded  as  a "0"  or  a "1"  by  the  presence  or  absence  of  a 
transistor,  respectively. 

CCD  Filters 


The  CC0  filters  are  64-stage,  surface  channel  filters  implemented  using  the  split  electrode  technique. 
(Buss,  Collins,  Bailey,  Reeves,  1973)  Like  the  other  on-chip  circuitry  the  CCD  filters  are  N-channel 
silicon  gate  structures.  To  aid  in  testing  the  CCD  filters  separately,  a pair  of  buffer  amplifiers  with 
differential  outputs  aie  used  between  the  MDACs  and  the  CCD  inputs. 

Differential  Current  Integrator 

The  function  of  the  differential  current  integrator  (DCI)  is  to  integrate  the  clock  line  current  differen- 
tially and  provide  an  output  signal.  This  differential  current  integration  can  be  performed  by  integrating 
the  CCD  output  signal  onto  feedback  capacitors  of  an  operational  amplifier.  A high  gain  M0S  op-amp  was 
designed  for  the  DCI  function.  The  amplifier  has  two  stages  of  differential  gain.  Each  stage  is  cascaded 
and  uses  depletion  loads.  The  amplifier  has  internal  compensat ion  capacitors.  Some  of  the  important 
amplifier  parameters  are 
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• Open  loop  gain  1635 

• Crossover  frequency  17  MHz 

• Closed  loop  gain  52 

• Gain  bandwidth  product  550  MHz 

• Phase  margin  65° 


The  buffer  amplifiers  used  as  the  inputs  to  the  CCD  filters  have  the  same  design  as  the  DC  I amplifiers 
except  for  the  value  of  the  ompensation  capacitors.  The  DC!  amplifier  is  compensated  for  a higher  closed 
loop  gain. 

Clock  Generators 

All  control  pulses  needed  for  all  the  circuitry  are  generated  on-chip.  The  1C  requires  only  two  input 
MOS  level  master  clocks.  The  circuit  configuration  used  to  produce  most  of  the  clock  pulses  requires  a 
pull  up  pulse  and  a non-overlapping  pull  down  pulse.  Each  circuit  uses  a boot st raped  approach  to  achieve 
fast  rise  times  (Typically  20  ns  to  30  ns).  Because  the  device  sizes  required  for  each  generator  depend 
on  the  capacitive  load  it  must  drive,  each  clock  generator  required  a custom  design. 

c * r v.  u • t Con f i gurat  [ons 

The*  CCD  v Z T 1C  is  a general  purpose  1C  that  can  make  the  Cl'D  CZT  practical  tor  many  system  implementat  ions . 

A few  of  the  more  general  circuit  configurations  which  utilize  this  1C  are  shown  in  Figures  12  through  15. 

Figure  12  shows  a system  for  obtaining  the  powei  density  spectrum  of  a real  input  signal.  This  conf i gurat i on 
has  a 501  input /output  duty  cycle. 

With  a few  external  components,  a complex  input/output  CZT  can  he  performed  with  one  chip  as  shown  in 
Figure  I 3.  The  external  components  are  necessary  to  disable  the  inputs  when  a postmultiply  operation  is 
'eeded  for  the  true  CZT.  Because  of  this  blanking,  the  system  In  Figure  M has  only  a SOI  input/output  duty 
cv  le  To  ahtui  > » 1001  Input  output  duty  cycle  CZT,  two  chips  are  needed  as  shown  in  Figure  14.  This 
i gu» at  ion  does  not  require  the  external  circuitry  of  Figure  13- 

The  realization  of  a lb-point  correlator  using  two  CZT  It’s  is  shown  in  Figure  IS  This  correlator  convolves 
the  real  input  signal  with  an  impulse  response  h(t).  True  correlation  is  obtained,  since  an  on-chip  pulse 
t]  a*  blank  the  CCD  input  when  required. 

4 APP  LI  CAT  IONS  AND  CONCLUSIONS 

For  a given  spectral  analysis  application  to  be  considered  as  a candidate  tor  CCD  CZT  implementat Ion  it  must 
satisfy  two  crlter  i (l)  It  must  be  of  modest  performance  which  lies  within  the  CCD  performance  limitations 
and  (2)  It  must  be  required  in  sufficiently  high  volume  that  low  cost  is  a dominant  design  specification. 
These  two  criteria  rule  out  a large  class  of  applications  However,  there  have  been  identified,  several 
applications  of  great  importance  which  do  satisfy  both  of  the  above  criteria.  These  wi I I be  discussed  in 
this  section. 

4.1  Video  Bandwidth  Reduction 


Transform  encoding  of  video  images  for  the  purpose  of  bandwidth  reduction  is  a potentially'  inypoi  tant 
application  of  the  CCD  CZT.  A hybrid  transform  system  has  been  developed  (Means,  Whitehouse  . Speiser, 

1974)  which  performs  a discrete  cosine  transform  ( DC T ) in  one  dimension  and  differential  pulse  code 
modulation  (DPCM)  in  the  other  dimension. 

DFT  and  DCT  on  "typical"  video  images  have  resulted  In  variance  compaction  approachi/)q  that  of  optimum 
transforms,  and  both  the  DFT  and  DCT  can  be  cost  effectively  implemented  with  the  CCD  CZT.  The  CCD  CZT 
becomes  particularly  attractive  in  remote  sensing  applications  such  as  RPV's  where  small  size,  light  weight, 
and  low  power  are  essential  in  addition  to  low  cost. 


4.2  Speech  Processing 

Spectral  analysis  is  one  of  the  most  important  functions  in  speech  processing,  (Schafer,  Rablner,  1975) 
and  speech  processing  requi ren»ents  in  terms  of  sample  rate  (10  kHz),  delay  time  (40  ms)  and  dynamic  range 
(40  dB)  are  well  within  the  CC0  capabilities  outlined  above. 

There  exist  several  algorithms  for  speech  bandwidth  reduction  but  one  is  particularly  well  suited  to  CCD 
CZT  implementation.  It  is  called  homomorphic  deconvolution  (Oppenheim,  Schafer.  1 968 3 and  operates  upon  the 
i"  aciple  of  the  deconvolution  of  speech  inti*  pitch  and  vocal  tract  resonances , In  Figure  1b.  a block 
diagram  of  such  a system  is  shown.  Speech  (point  A)  is  a guas i per  i od i c waveform  with  period  equal  to  the 
pitch  period  (8  msec  in  this  example  corresponds  to  a pitch  of  125  Hz).  The  log  magnitude  spectrum  of 
•peech  Ipolnt  B^  consists  of  an  envelope  representing  the  vocal  tract  resonances  which  modulates  all 
harmonics  of  the  pitch.  The  cep* t rum  (point  C)  is  the  Fourier  transform  of  the  log  magnitude  spectrum. 

•t  has  a peak  .>r  large  time  value  (8  msec  in  this  example)  cor  respond i ng  to  the  pitch  period  and  a low  time 

portion  corresponding  tv'  the  transform  of  the  envelope  of  the  log  magnitude  spectrum.  By  appropriately 
windowing  the  ceps t rum,  the  pitch  and  vocal  tract  parameters  can  be  determined  and  coded  for  data  transmis 
slon.  Homomorphic  deconvolution  is  costly  to  implement  digitally  in  real  time  because  of  the  three  sequential 
transforms  whuh  are  required.  However  , the  CCD  CZT  holds  the  promise  of  truly  low  cost  implementat ions  of 
this  type  of  processing. 

Figure  17  shows  the  operation  of  a cepstral  unit  in  which  the  CZT  blocks  are  implemented  using  the  500-point 
sliding  CZT  described  in  Section  3.1.  The  oscilloscope  photograph  on  the  right  i s a time  expanded  version 
of  the  one  on  the  left  In  each  photograph,  input  speech  (point  A in  Figure  16)  is  shown  in  the  top  trace, 

the  log  magnitude  spectrum  (point  B in  Figure  16)  is  shown  In  he  center  trace,  and  the  cepstrum  (point  C 
In  Figure  16)  Is  shown  in  the  bottom  trace  Harmonics  of  the  itch  freguenev  are  clearly  visible  In  the 

center  traca  and  g ve  rise  to  the  impulse  it  the  pitch  per  iod  tabout  4 msec)  in  the  bottom  trace 
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4.3  Doppler  Processing  In  MTI  Radar 

MTI  (nx.wing  target  indicator)  radar  operates  upon  the  principle  of  detecting  moving  targets  of  small  cross 
section  in  the  presence  of  stationary  background  having  much  larger  cross  section.  The  doppler  shift  of 
the  radar  return  is  determined,  and  from  this,  the  target  velocity  parallel  to  the  radar  line  of  sight,  can 
be  determined. 

Radar  returns  are  quas i -per i od i c , and  the  sliding  CZT  can  be  used.  Typical  transform  lengths  are  10  to 
100  and  typical  pulse  repetition  frequency  (PRF)  is  1 kHz  to  100  kHz.  A doppler  processor  may  be  required 
to  process  thousands  of  DFT's  in  parallel,  (one  for  each  range  gate)  so  reducing  the  cost  of  the  DFT  has  a 
large  cost  impact  on  the  overall  system. 

A doppler  processor  1C  has  been  developed  (Bailey,  Hite,  Eversole,  McCray,  1977)  which  performs  five  80- 
point  CCD  CZTs  of  the  type  shown  in  Figure  5*  The  1C  contains  all  the  integrated  amplifiers  and  squaring 
circuitry  required  to  obtain  the  power  density  spectrum  in  each  range  bin.  A doppler  processor  for 
thousands  of  range  bins  can  be  implemented  by  cascading  5“bin  IC's  at  a projected  cost  of  approximately 
one-third  that  of  an  all  digital  processor  designed  using  state-of-the-art  digital  hardware. 

4.4  Conclusions 

Other  potential  applications  of  the  CCD  CZT  include  processing  for  FLIR  images,  sonobuoy  signal  processing, 
and  remote  surveillance. 

The  CCD  CZT  is  not  expected  to  make  the  digital  FFT  obsolete  in  signal  processing  systems.  However,  for 
those  spectral  analysis  applications  which  fulfill  the  twin  requirements  of  modest  performance  and  high 
volume,  tremendous  cost  advantages  can  be  gained  using  the  CCD  CZT.  More  applications  will  certainly 
emerge,  but  in  the  meantime,  the  potential  cost  impact  in  the  application  areas  already  identified 
guarantees  the  importance  of  the  CCD  CZT  in  spectral  analysis  signal  processing  systems  of  the  future. 
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TABLE  1 

CCO  CZT  PERFORMANCE  LIMITATION 


Parameter  L iml tat  ion  Va I ue 

Transform  Length  Imperfect  CTE  1000 

Chip  Size 

Time  Record  Leakage  Current  1 sec 
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I ig.X  Output  of  the  windowed  CZT  unit  when  a single  frequency  sinusoid  is  applied  to  the  input.  The  top  photo 
graph  shows  40  dB  sidelohes  when  the  maximum  signal  amplitude  is  applied.  I he  center  and  bottom  photographs 
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DISCUSSION 
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RESUME 


Plus ieurs  f.unilles  de  dispositifs  a ondes  de  surface  ont  ete  etudiees  au  cours  des  dix  dernieres  annees. 
Ces  dispositifs  sent  essent iel lement  des  compos ants  analogiques  haute  frequence  mais  ils  peuvent  etre 
avant ageusement  associes  a des  systemes  de  traitement  numerique  pour  certaines  applications. 

L' ut i 1 isat ion  d'un  convoluteur  piezoe lectrique  applique  au  traitement  de  correlation  de  signaux  echan- 
tillonnes  et  quantifies  en  est  un  exemple.  Ce  convoluteur  permet  de  tres  grandes  vitesses  de  calcul 
difficiles  a obtenir  par  des  techniques  entierement  numeriques.  Neanmoins,  il  necessite  des  interfaces 
analogique- numerique  rapides. 

La  premidre  partie  de  I'article  decrit  le  convoluteur  et  les  interfaces  associees. 

La  seconde  partie  montre  quelques  exemples  d' associat ion  du  convoluteur  A des  chaTnes  de  traitement 
radar  : 

~ mesure  de  temps  d'arrivee,  tri  et  identification  de  signaux, 

- traitement  du  signal  issu  d'un  radar  a antenne  lateral?  synthetique. 

Dans  ce  dernier  exemple,  l ' accent  est  mis  sur  la  comparaison  entre  les  traitement s acoustique  et  numeri- 
que . 


I - INTRODUCTION 

L' exp lo i tat  ion  des  signaux  radars  fait  appel  A des  traitements  complexes  qui  necessitent  d'etre  de 
plus  en  plus  precis,  rapides  et  adaptes  a des  situations  variees. 

Dans  ce  domaine,  les  fonctions  de  correlation  et  convolution  jouent  un  role  important,  longtemps 
rerapli.A  1 'except  ion  du  filtrage  adapte  specif  ique,  par  les  techniques  numeriques,  qui  off  rent  l'avan- 
tage  de  la  precision  et  de  la  flexibilite  pour  une  complexity  moyenue . 

Devant  1 ' accroi ssement  des  contraintes  de  vitesse  de  calcul,  d 'encombrement  et  de  consommat ion,  en 
particulier  dans  les  systemes  aeroportes,  l'interet  s'est  porte  vers  d'autres  technologies  telles  que 
les  composants  acoustiques  specialises,  part icul ierement  adaptes  au  traitement  rapide  des  signaux 
analogiques. 

Dans  le  domaine  du  traitement  de  correlation  et  convolution,  les  systemes  utilisables  sont  les  dispo- 
sitifs A effets  paramet riques  et  les  dispositifs  utilisant  des  filtres  dispersifs. 

Ces  derniers  ont  ete  decries  aver  leurs  applications  dans  differentes  publications  [l  ].[?]•  H » 
fonction  de  base  d un  correlateur  (ou  convoluteur)  a filtres  dispersifs  est  la  transforraee  de  Fourier 
("Chirp  Z"). 

Les  performances  de  ces  systemes  sont  resumees  au  tableau  I : 


Nombre  de  points 

< 5000 

Bande  passante 

< 600  MHz 

Duree  de  traitement 

< 1 00  ms 

TABLEAU  1 : Caracter ist iques  des  systemes  de  traitement  A filtres  dispersifs 

Les  dispositifs  a effets  paramet riques  constituent  une  autre  approche  du  traitement  de  correlation, 
ce  sont  : 

I)  les  correlateurs  a meraoire  actuellement  A I'etude  dans  plusiours  laboratoires  t ■*]*[*>]♦  [b]  , [lo]  . Ce 
type  de  composant  est  constitue  d'un  substrat  piezoelect rique  au  voisinage  duquel  est  dispose  un 
reseau  de  diodes  integrees  dans  un  materiau  semiconducteur  permettant  le  stockage  des  signaux 
appliques.  II  combine  les  fonctions  memo  ire  et  correlation,  et  son  etude  devrait  deboucher  sur 
un  composant  utilisable  dans  quelques  annees.  Le  tableau  2 montre  les  performances  obtenues  sur 
de  tels  dispositifs  et  leurs  limites  realistes. 


L. 


* 4 : 


Correlateur  a 

d i ode  s p- n ( l , 

for  re  1 ateur  a div 

d*  9 

[ t i [ • j 

IVmout  re 

l imi tes 

' 

Pemont re 

— 

1 imi tes 

Ban  vie  passante 

20  MHz 

100  MHz 

30  MHz 

100  MHz 

Puree  de  signaux 

b l»s 

10  us 

10  us 

- 

Temps  vie  raemvMre 

$ S 

10  s 

10  ms 

100  ms 

Pertes  en  f litre  A 
correlation 

- SO  dB 

- 

- SO  d» 

TAB1JKAC  2 : Carac tet i st i ques  techniques  des  cor  re  1 at  cur s A memo  ire 


21  1 *•  s convoluteurs  pieaoe  lecir  iques  latgement  de  ve  1 op  pc  s dans  plusieurs  p.i • s [ *]  , [ sj  , ['i]  , 
[lO}ct  qui  constituent  un  compo-sant  ulilisable  act uel lement . 

1 i*s  appl icat ions  dec  rites  ci-apres  utilisent  l'un  d'eux,  developpe  dans  les  laboratoi- 
res  de  THOMSON -CSK  ; le  tableau  ' montre  ses  performances  act  no  lies  et  ses  1 ionics 
futures . 


Ca r ac  t c r i s t i qua s 

ac  t ue lies 

t ut  ures 

T e rap  s de  t r a 1 1 cine  n t 

12  u* 

20  un 

Bande  a t dB  a I'entree 

SO  MHz 

100  MHz 

Cniformite  de  traitement 

♦ 0,2  dB 

♦ 0,2  dB 

Eloquence  de  t otic t loiuietue lit 

lSt>  MU 

k"  MHz 

Kacteur  de  bilmearitc* 

- 72  dBm 

- 72  dBm 

Suppression  de  la  convolution 

40  dB 

60  dB 

de  trajet  double 

Puissance  max l male  A I'entree 

1 W 



1 V 

• Pic  de  convolution  pour  signaux  d'entrce  de  niveau  elect rique  0 dBm 
F AB1 KAl'  \ : Caracter ist iques  techniques  du  convoluteui  piezoelect rique . 


les  utilisations  decrites  du  convoluteui  portent  sur  des  traiteroents  d ' i dent  1 1 i cat  i on , de  oh*  sure  dc 
t-mps  d'arrivee  et  de  traitement  des  signaux  issus  d'un  radar  A antenne  laterale  svnthetique.  le  tableau 
•«  en  resume  les  prmcipalcs  conditions  d' ut  i 1 i sat  ion . 


Appl icat ion 

S i gnaux 

A t r a i t e t 

Remarque  s 

Puree  0 

Bande  t* 

l dent i t i cat i on 

< T 

< B 

Me  sure  de  temps  d'arrivee 
entre  - t et  ♦ t 

> T ♦ 2t 

< B 

Precision  A x < 1 B 

Rcceptcur  A correlation 

< T 

< B 

1'  temps  de  propagation  sous  l 'electrode  de  convolution 
H : bande  passante  du  convoluteur  a I'entree 


TAB1.KAC  » : Conditions  d'ut  i l isat  ion  du  convoluteur  pioroelect  rique 


Cos  app l i cat  ions  supposent  un  f onct ionnement  synch rone  du  convoluteur  et  necessitent  une  adaptation 
temporelle  entre  les  signaux  issus  du  recepteui  de  base  et  les  signaux  appliques  au  convoluteur. 


Cette  adaptation  est  obtenue  par  la  raise  en  oeuvre  d' interfaces  : convert i sseurs  ana  log  ique -mime  r ique , 
inimer ique-analogique  et  memo i re , qui  rendent  le  convoluteur  adaptable  A une  ganme  de  signaux  et endue. 


Dl  SCRIPT  10W  Dl  COHVOLUTEUR  PIEZUELECTRIQUK  ET  DES  INTERFACES 
2.1.  Chafne  de  traitement 


Cue  ehatne  de  traiteraent  typique  de  signaux  radars,  batie  autour  du  convoluteur  est  representee 
A la  figure  1.  C'est  une  combmaison  d'un  traitement  mraerique  et  analogique  perraettant  de 
realiser  une  reduct  ion  iraportante  du  volume  et  du  co  lit  des  operateurs  par  rapport  A un  traite- 
ment enti^rement  miner  ique  . 


I a parti*  de  traitetnent  unmet  iqu*  qut  precede  s«  it  d'intrrtace  enter  les  mi^iuux  im»u»  du 
t*crpieui  A ttequcnco  uit  r i roe  d i a i 1 r rt  lr  convolutrut.  11  a essent  i •■  1 leuxmt  pouf  but  d* adapt*! 

1 r * t «M>  de*  *ignaux  r*yu*  A c*  1 1 e du  convolute ur . C'eat  rn  general  unr  mi*e  ru 

memoiic  et  vuve  ot  gam  a at  ion  spict air  da  la  lecture  pour  rialt*et  lex  touctions  xui vane e» 

compt*»*ion  du  temps  pout  adapter  lr  spectre  dr*  stguaux  reyu*  A la  bande  pasxante  du 
compos ant  acouatique, 

inversion  dr  trap's  pour  lrs  C t*  i Cement  * Jr  oor  i **  l at  t on , 
mul  t ipleaagf  viu  convolutrut. 

1.4  complexur  dr  cr  sou*  ensemble  r»t  lie#  A drux  pat  amities  principaux  qui  sout  : 

M lr  nombrr  d*  elements  butanes  A trailer, 

•M  la  frequence  dr  * oJage  dr  cette  information. 

la  pattie  dr  ttaitemrnt  analogique  comporte  un  convet t i sseui  nmm'i  njm-  analogique  ijui  n-y'it 
lrs  stguaux  tua*r  rises  a itequence  pot  truse  nulle  rt  lrs  drlivte  apti's  codage  A la  frequence 
pi'ftruar  dr  tiavail  du  » onvol  ut  rut- . 

la  Jtfiiculte  dans  . etto  chatn*  dr  ttaitemrnt  est  easent  ir  1 letarnt  posCe  pat  la 
> »ge  I'leu'e , pout  unr  dviiamique  donnrr , aussi  bleu  pout  lrs  codeurx  quo  pout 
assoiioes.  la  dvnamiqne  du  tiaitement  eat  limiter  acluellewent  A *0  dH  rnvtton 
d ’ e chant t l 1 outrage  dr  10  us. 

iVttvo lutrut  j'U'.’o'  lei  t t i ^ur 

lr  convolutrut  rst  conatitue  d'un  substrat  p i* for lect t i quo  poll  (figure  ')  sut  lequel  soul 
dispose*  deux  t ransduct  rui  s qut  petmetlrnl  dr  geneiet  deux  ondrs  acousliques  dr  sur  t aor  A la 
t requrnce  u>  qui  sr  ptopagant  eu  direction  opposee  et  dont  les  modulat ions  represent  rut  respec 
ttvrment  lrs  stguaux  a oonvolrr  f(t>  «*C  gU>.  IVs  ooupleuis  A bande s met  al  l tques  conipt  umnt 
les  taisceaux  acoustiques  dans  un  tappotl  10  A 20  ; crci  augment e la  drnsite  de  puissance 
acoust  ique  et  done  lr  rendement  du  svstrtne. 

Du  tail  Je  la  non -l  meat  i te  du  matrr.au  pi  Asor  lrot  r i qtie  , les  deux  ondrs  ai».  cornpt  inters  sont 
multipliers,  rt  sur  lr  triplaque  dr  sortie  un  signal  A la  t requrnce  u>  qui  est  1’ integrate 
du  produtC  de  t et  g pent  ette  dot  ret c. 

Dans  te  cas  oil  t et  g sont  sv  no  ft  roues  et  dr  Outer  au  plus  egale  an  temps  T dr  propagation  sous 
l'elrctrode  crntralr,  lr  dispositit  geuare  le  produit  dr  convolution  t • g eotapr  irae  dans  le 
temps  d'un  tacteur 

Inter! aces 

l * ut 1 1 1 sat  ion  du  convolutrut  p i o/oe lec t r i qur  A partir  de  signaux  muncrises  necessite  eu  premier 
lieu  la  nx’dulat ion  d'une  pot teuse  A la  frequence  crntralr  du  dispositit  acoustique  t 1 sh  ) 
par  les  mtormat  ions  echaiit  1 1 loiutees  et  quant  it  ires. 

IV ux  tvprs  de  ptocedrs  sont  utilisables  : 

le  premier  n'est  cite  qur  pout  raOmoire  pater  qur  limitatit  rn  dvuamiqur  et  bande  passant**, 
il  nr  p,  trart  pas  d’utiliset  toutes  les  capacities  du  coiwoluteur  pour  des  traitements  elabo 
tes.  1 1 consiste  A modnler  la  t requrnce  port  ruse  rn  amplitude,  pat  un  signal  analogique 
obtenu  eti  sot  tie  d'un  couve  i 1 1 s sent  numer  iqito~analoq  ique  . 

- le  second  tait  appe 1 A la  moJulat ion  d'une  frequence  povteuse  directement  pat  les  i n f o rtna - 
t ions  biu.il res.  Deux  type*  de  roodulateur  sont  applicables,  qut  peuvent  ette  adaptos  au 
ttaitement  : modulation  d' amplitude  ou  modulation  de  pitas  e ; unr  conf igurat ion  mixte,  on 
l 'ut  1 1 1 sat  ton  de  deux  modulat  enrs  combines  rn  quadrature,  peuvent  ette  ega  lenient  adoptes 
pour  les  traitements  veetoriels.  (figure 

le  pnncipe  du  modulateur  consiste  A sepater  eti  N votes  coimiutubles , pour  un  oodage  A N ele 
ments  bmaires,  le  signal  de  reference  issu  d ' tut  oscillateur  local  . 

t'haque  vote  o'oporto  un  attenuateut  1 t i * 0 A N - M ou  unr  cellule  de  df phasage  11  suivant 
qu'est  ettectue  un  codage  d' amplitude  ou  dr  phase. 

Kanni  les  tvprs  de  commit  ateurs  utilisables  : eomrautat  enrs  logiques,  commit  at  eurs  A diodes 
Sc hot t Kv , modulateurs  equilibria,  commutat rurs  A diodes  KIN,  les  conmut at  rum  en  logique  sont 
les  plus  mterrssanta  pat  lour  en*  ombrement  teduit  et  lour  simplicite  de  mise  en  oeuvre  polit- 
ies applications  A dynamtque  nx’venne  (**0  db'  qui  sont  cel  les  du  convolutrur  pi eroe lec t r ique . 

Dtteclement  ass***  tees  aux  modulateurs  dan*  la  plupait  des  utilisations,  il  taut  ment  lomiet 
les  roetnoires  numetiques.  lent  rapidite  est  compatible  avec  celle  *l«*s  conmut  at  eurs  : des  rot' 
nx'ites  bYl  dr  I K bits  A temps  d’acc^s  de  20  ns  sont  act ur l lewent  disponibles  en  un  soul 
circuit  integre  ; lour  utilisation  combiner  A celles  d'horloges  tapides  pemtet  d'attemdre 
des  cadences  d ' echant  1 1 lointage  mferieures  A 10  ns. 


t requrnce  de 
les  memo  ires 
pout  une  peri  ode 


Latin,  iv>mw  dernier*  elements  d*  interface , ll  taut  eiter  les  circuits  d' ampl  i f ii  at  ion  neces- 
saires  a 1 ' ut 1 1 1 sat  ion  du  convoluteur,  et  qui  en  compensent  les  perteg.  Les  valeurs  typiques 
a retenir  sent  des  gams  d'environ  40  db  et  des  puissances  de  sortie  voisines  de  U,5  W. 


APPLICATIONS 

Les  exemples  de  traitement  de  correlation  exposes  ci-apres,  utilisant  le  convoluteur  piezoelect r ique , 
sent  tires  du  domaine  des  traitement  s des  signaux  radars.  11s  sent  compares  en  terrnes  de  faisabilite, 
de  rapidite  et  de  precision,  a des  systemes  numeriques  equivalents. 

D'une  tason  generale  ces  systemes  numeriques  equivalents  utilisent  la  correlation  discrete,  de  struc- 
ture analogue  a celle  des  f litres  tr ansver saux , la  correlation  rapide  basee  sui  1 ' ut i 1 i sat i on  de 
l 'algor  it  lime-  de  la  FFT  n'etant  en  general  interessaute  que  pour  des  traitements  a grand  nombre  de 
points  qui  restent  du  domaine  des  calculateurs  specialises. 

Les  exemples  montrent  l'interet  du  convoluteur  p lezoe lec t r ique  lorsque  la  vitesse  de  calcul  est  i'e- 
lement  essentiel. 

A litre  de  comparaison  les  circuits  numeriques  les  plus  rapides  permettent  d'effectuer  le  calcul  d'un 
point  d'une  t one 1 1 on  de  correlation  dans  le  meme  orure  le  grandeur  de  temps  ou  toute  la  fonction  est 
reconstitute  par  le  convoluteur  (12  microsecondes) . 

1.1.  Mesure  de  tom^s  par  correlation 

L'ne  methode  de  mesure  de  retard  entre  deux  signaux  a spectre  1 unite,  issus  d'une  meme  source 
et  ayant  transite  par  deux  voies  differentes,  peut-etre  effectuee  en  tragant  la  fonction  de 
correlation  appliquee  a la  modulation  de  ces  signaux  et  en  evaluant  son  centre  par  rapport  a 
une  origin®. 

Les  deux  systemes  de  traitement,  numerique  ou  acoustique  sont  utilisables  a cet  effet  (figure  4). 

* L1?!’  1 i L • dans  cette  application  la  correlation  est  effectuee  non  pas  sur 

l' amplitude  des  signaux,  mais  sur  leur  modulation  de  phase,  ce  qui  a pour  effet  de  s'affran- 
chir  de  la  dynamique  de  ces  signaux  et  de  simplifier  les  circuits  de  calcul.  Four  ameliorer 
La  precision,  le  systeme  utilise  un  interpolateur  qui  reconstitue  la  fonction  a partir  d'un 
nombre  limite  de  points  : dans  une  premiere  peri  ode  les  echanti lions  de  phase  codes  des  deux 
voles  sont  memorises  sur  une  duree  limitee  ; dans  la  periode  qui  suit,  la  fonction  de  corre- 
lation est  tracee  en  faisant  glisser  les  echanti lions  d’une  voie  par  rapport  a 1 'autre.  Elle 
passe  ensuite  dans  1 ' interpolateur  pour  devaluation  precise  du  pic  qui  fournit  la  mesure  du 
retard. 


La  precision  de  mesure  par  ce  precede  est  une  faible  fraction  de  1 / B . ou  B et  la  bande  passan- 
te  des  signaux. 

La  vitesse  de  calcul,  en  logique  ECL,  d'un  point  de  la  fonction  est  voisin  de  50  ns  x N t ou  N 
est  le  nombre-  de  points  memoire. 

Le  volume  et  la  eonsommat ion  de  l'operateur  de  calcul  sont  d'environ  1 litre  et  15  watts  pour 
une  quant  if ication  de  phase  a 4 elements  binaires. 

c or r e l^ci t our c : suivant  les  memes  principes,  le  convoluteur  piezoelectrique  avec  les 

interfaces  associees  est  utilisable.  Les  memoires  numeriques  sont  conservees  pour  assurer 
la  raise  a l'echelle  des  signaux  pour  le  traitement  et  1' inversion  de  temps  a la  lecture  des 
informations  meraorisees. 


La  precision  de  mesure  est  un  peu  moindre  que  precedenment  du  fait  des  differents  parasites 
qui  peuvent  etre  introduits  par  le  composant  acoustique  ; elle  peut  aussi  etre  limitee  par  la 
vitesse  d ' echant i 1 lonnage  des  circuits  de  mesure,  compte  tenu  de  la  mise  a l'echelle  en  temps 
effectuee  a la  memorisation.  D'une  fagon  generate  cette  precision  de  mesure  est  de  la  forme  : 


o 


I / 1 


ou  : p est  ia  pence  de  la  fonction  de  correlation  au  seuil  de  mesure  ; S/B  est  le  rapport 
signal  a bruit  therm ique  ; s2  est  une  variance  due  aux  autres  erreurs  que  le  bruit  thermique 
(quantification  et  ondulations  en  sortie  du  convoluteur  dues  aux  parasites). 

Le  temps  de  calcul  de  la  fonction  de  correlation  complete  est  fourni  par  le  domaine  de  retard 
du  convoluteur  (12  ys). 


Le  volume  et  la  consonmat ion  de  l'operateur  de  calcul  sont  d'environ  1 litre  et  5 watts. 

3.2.  Tri  et  identification  de  signaux 

Une  application  du  traitement  de  correlation  aux  performances  limitees  jusqu’ici  par  les  faibles 
cadences  de  calcul  des  circuits  numeriques  existants  trouve  son  essor  grace  aux  convoluteurs- 
correiateurs  acoustiques  : il  s'agit  du  tri  des  signaux  radars  par  correlation  avec  une  replique 
prea lab lement  mentor i see , ou  1 ' identification  d'un  signal  radar  par  correlation  avec  un  certain 
nombre  de  repliques  tenues  en  bibl iotheque. 


S4  S 


l.'inttret  du  convoluteur  piezoclcctrique  out  alors  csscntiel  lorsquc  la  cadcna*  d'apparition 
vlfs  signaux  eat  rapid**,  ou  quand  le  nombrc  de  rep  1 iques  eat  tlevt. 

Tri  : Un  system**  de  t ra  i t emcut  de  tri  u.  signaux,  utilised  le  convoluteur  pitzoe  left  rique  eat 
present!*  A la  tigure 

l.es  signaux  aunt  requs  sequent  ie  I lenient  en  sortie  d'un  rdeepteur  et  compares  A la  replique  issue 
du  iin'ni.'  canal. 

line  conversion  aualogiquc-numtir ique  est  rendue  nAcessaire  pour  lit  memorisation  de  la  replique 
aprds  normal isat ion  des  signaux. 

ties  circuits  de  traitement  eowpl ement a i res  A l1 ensemble  convoluteur-int erf aces , Accident  de 
1'identitC  ou  non  des  signaux  correles.  Ces  circuits  complement  a i res  permettent  de  calculer  un 
coefficient  de  correlation  normalise  et  de  le  comparer  A un  seuil  voisin  de  I pour  tenir  compt e 
des  fluctuations  Counties  par  l ' cchant  i 1 tonnage  , la  quant  i f icat  ioji  et  le  convoluteur  1 u i -menu* . 

Le  domain**  des  signaux  analysables  est  lirnite  par  1 ' cchant i 1 tonnage  pour  les  signaux  A spectre 
large  et  par  la  precision  de  discrimination  pour  les  signaux  A spectre  ctroit.  Ces  limitations 
apporttes  par  la  lechnologie  des  circuits  cxtCrieurs  interviennent  actue II ement  s iir  il tanement 
avec  les  limitations  apportion  par  le  convoluteur  lui-meme. 

Un  tel  systtW  de  traitement  pourra  etre  simplific  par  l ' ut  i l i sat  ion  des  corrt*  lateurs  A memoire 
meut i omits  au  paragraphe  I ; ils  permettront  d’effectuer  un  traitement  ent i Bremen t analogique 
dans  un  encombrement  et  avec  une  cons onmat ion  trCs  rCduits  (tigure  >) . 

Les  performances  demandces  au  correlatcur  A memoir**  sont  les  memos  que  cel les  du  convoluteur 
piCzoelect rique.  La  durCe  de  memorisation  rente  essent iel 1 ement  variable  en  Cone t ion  des  utili- 
sat ions . 

Identification  : Le  system**  de  traitement  est  analogue  au  precedent.  La  difference  reside  dans 
le  fait  quTun  signal  issu  du  rceepteur  est  memorise  pour  etre  compare  success ivemenl  A des 
repl iques  tenues  en  bibl iothcqiu*  (figure  6). 

Les  circuits  comp lementai res  de  traitement  et  de  decision  sont  ident iques. 

La  pCriodc  do  renouvel 1 ement  du  signal  A 1'enlrCe  et  le  nombre  de  rCpl iques  A lui  comparer 
del ermi nent  par  rapport  A la  viLcsse  de  traitement  du  convoluteur  le  domain**  des  signaux 
exploi tables . 

l)e  menu*  que  preeddemnent  1 ' ut  i 1 i sat  ion  d'un  corri*  lateur  A memoire  devrait  permettre  de  dobou- 
cher  sur  une  simplification  du  ays Lome. 

Ce  type  de  traitement  *•  .t  applicable  par  exemple  A 1 ' ident i f icat ion  de  la  signature  de  certai- 
ne s c i b 1 e s rudn r s . 

Traitement  assoc_ie  A un  radar  A ouver t u re  aynthdt  ique 

Le  principe  de  1'antenne  syntbdtique  applique  A un  radar  A vision  lateral**,  atroporte  ou  A 
bord  de  satellite,  per me L d'obtenir  des  photographies  du  sol  d'une  haute  resolution  de  faqon 
prat  i quement  independante  ties  conditions  met  eorologiques  et  tie  la  luminosity,  Un  tel  system** 
l rouve  des  applications  aussi  bieti  dans  le  domain**  civil  : cartographic , etude  des  oceans,  de 
la  vegetation,  detection  de  ressources  terrestres  que  dans  le  domain**  militaire  : reconnais- 
sance. 

La  zone  de  terrain  visualise**  par  un  radar  A vision  lateral**  est  parallel**  A la  route  suivie 
par  1c  porteur,  sa  large  r peut  vnrier  entre  quelquos  k i lonu*t  res  et  quelques  di /.nines  de  kilo- 
metres. La  resolution  dsns  Is  direction  perpend icu la  ire  A cctte  route,  dite  "resolution  en 
distance  radar"  **st  general ement  obtenue  par  l ' ut i 1 i sat  ion  de  la  technique  de  compression 
*1 ' impulsion.  Cette  technique  perraot  tout  en  emottant  un  signal  de  puissance  crete  re l at i vemcnt 
taihle  d'avoir  l ' equivalent  d'une  impulsion  tros  fine  avec  un  hi lan  enorgtt  ique  suffisant. 

Le  principe  de  1'antenne  Nyuthtt ique  est  utilist  pour  amelior.*r  de  fa*;on  important**  la  rtsolu- 
l ion  dans  le  sens  de  l ' a vane ement  du  porteur  dite  "resolution  en  route"  par  rapport  A la  reso- 
lution nature  lie  de  1'antenne  du  radar.  Cette  dernitre  est  f one t ion  de  la  distance  D entre 
1'antenne  et  !*•  point  observe,  die  vaut  D\  oil  X est  la  longueur  d'onde  et  1.  la  longueur  tie 

1'antenne,  alors  que  la  resolution  ultime^qui  puis so  etre  obtenue  par  1 'ut i l isal ion  de  l'auten- 
tu*  synthttique  est  , i ndependunte  de  la  distance  D. 

I.'antenne  synt bet ique  est  obtenue  en  deplaqant  une  source  fonctionnant  en  emission-reception 
f*t  en  eorrelant  les  signaux  r*fu*  avec  une  rdplique. 

Cette  replique  est  function  du  ddplacement  de  la  source.  La  function  tie  correlation  ainsi 
obtenue  est  telle  que  les  signaux  en  provenance  d'un  memo  point  de  I'espace  sc  trouvent  addi- 
t i mints  en  phase.  Dans  le  domaine  spectral,  on  realise  ainsi  1**  film*  spatial  ndapte  an  point 
considere.  L'appl icat ion  mix  radars  A vision  lateral**  utilise  un  deplacement  lintaire  de  la 
source  constitute  par  1'antenne  du  radar. 
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1 'an tonne  synthct  ique  resultant  du  dep  1 affluent  luu'airc  d'unc  houiic  d'une  longueui  it  el  du 
UaiUiiu'ui  adequat  du  signal  i«^u  posscde  un  diagiamme  oqu  i va  lent  a « f lui  d'une  ant  cum-  ml  lc 
tic  longueur  2 d. 

l.f  trail  eluent  du  signal  issu  tl'un  echo  pouetuol  s 1 1 vie  a vine  distance  I*  de  t'anleime  a uiu  dm  ee 
egalc  avi  teams  d'  ee  la  i lenient  de  tel  echo  pai  le  radar,  i|vu  cor  t cspoiid  a via  dcplacciucnl  tit  I 'an 
tenne  tie  2D  — . On  cu  deduit  la  largevir  de  t el  echo,  vu  pat  I'auleune  synt l»ei  ique  etjui va leule , 

qui  est  de  L. 

le  traitement  qvn  realise  la  I oca  1 i sal  i on  tie  l'anteiuie  neeessile  la  c onna i ss.iuce  tin  depliasagt- 
dvi  signal  re^vi  d'un  echo  ponctuel  pendant  la  duree  de  stm  6c  1 a i lenient  . le  radai  utilise  esl 
done  un  radar  coherent  qui  conserve,  pouf  servir  tie  reference  lets  tie  la  deuiodu  1 at  i on  ties 
signavix  ret,  vis,  la  memo  ire  de  la  phase  du  signal  etuis. 

A ee  radar  est  assort  e un  iysieuie  tie  traitement  qvu  ellettue  la  corre  lal  ion  dvi  signal  icyu 

avee  un  signal  de  reference,  ovi  replique,  eontenu  dans  le  corrclntem  on  genere  pat  lut.  les 
quantiles  d' int oriuat ion  a traitei  ties  import  antes , et  la  cumplexite  du  traitement  out  eonduil, 
dans  un  premier  temps  a realise!  ties  unites  de  trail  e me  lit  an  sol,  le  signal  brut  en  sortie  tin 
radai  ctant  enregistro  en  vol  on  cransmis  au  sol  pat  iiaistui  here  zi  curie. 

Toutetois,  il  pent  ft  re  i nleressanl  , soit  pour  ties  besoins  operal  i tmne  1 s (acquisition  rapitle 
de  la  carte  du  terrain  survole),  st*ii  surtout  pout  des  necessiles  tecluuques  (limitation  de  la 
quantile  vl ' int  ormal  ions  a transiueltre  en  parliculiei  pout  un  systeme  embarque  svu  satellite) 

d'et  tectufi  le  traitement  a bold,  en  temps  reel.  Se  pose  alors  le  probleute  de  la  taisabilite 

du  traitement,  compte  tenu  des  coutraiutes  sur  le  pt'ids,  le  volume  el  la  cousouauai  ion  des 
circuits  auxquelles  sont  soiunis  les  muteriels  aeropotics  ou  spatiaux.  1’om  ties  pertoimames 
dounees,  cel te  taisabilite  est  profondemetU  liee  a la  technologie  utilisee. 

Kn  parti  culier,  le  convolutcur  piezoe lect r ique  esl  bien  adapt  e au  . rail  emeu t d'anteune  svntlie 
t ivjue  el  oft  re  I'avantage  d ' line  gKinde  rapidite  de  calcul  asstniee  a un  volume  el  une  ennsom 
mat  ion  re  Lit i vement  taibles. 

les  pnneipaux  traitemenls  env i sageab  1 es  pour  un  radar  a antenne  lalerale  symbol  ique  sont 
ac tuel  lenient  de  quatre  types  : 

~ correlation  opt ique, 

- correlation  numer ique , 

- correlation  ucoust  itjue , 

- correlation  a CCl). 

11s  coiuportent  vleux  aspects  : d'une  part  la  memor i sat  ion  tin  signal  royii  sur  une  cerlaine  duree, 
d' autre  part  le  calcul  propremenl  dit  de  corre lat ion  (domaine  tempore  1)  on  le  tillrage  adapt e 
(domaine  spectral)  <jut  pcmieltent  l 'all  mage  de  ce  signal  en  "route".  I’ar  ailleurs,  dans  1'etat 
actuel  tie  la  toclmologio,  le  traitemVnt  d'at  tillage  en  "route"  autre  tju ' opt  i que  neeessile  un 
ecliant  i 1 lonnage  en  distance  de  la  vidfc.o  radar,  l.e  signal  con  espondant  a la  zone  utile  tie 
ifcept  ion  est  amsi  decoupe  en  cases  de*v  d i st ance , lesquelles  soul  t railees  de  fa^on  sequent  lei 
le  ou  parallele  en  tonclion  de  la  nature\el  de  l ' organ  i sal  ion  ties  circuits  vie  traitement. 

l.e  traitement  pai  correlation  optique  sVjtocluo  au  ho  I a partir  d ' enregi  st  rement  s sur  t i l in 
(lequel  sert  de  memoire)  en  vol . II  n'auloYise  pas  un  traitement  embarque  en  temps  reel,  lie 
systeme  a ete  le  premier  utilise  el  doutie  d'excellents  result  at  s [l  I ] . 

le  traitement  par  correlation  numer -ique  utilise  une  memoire  el  des  operateurs  numeriques  pom 
rt  tectuet  les  caleuls.  I’lusieucs  operateurs  en  parallele  sont  tteeessnires  pour  traitor  on 
temps  i ee  1 le  signal  ro^u  dan.-;  les  dit  t erentes  cases  tie  distance,  l.e  nombre  vie  ces  operateurs 
croft  pi  opm  t i vune  1 1 cmenl  au  nombre  vie  cases  vie  distauto  ce  qui  conduit  as  lez  vite  a vies 
volumes  de  circuits  prohibit  its. 

l.e  traitement  pai  correlation  acoustique  utilise  une  memoire  qui  peut  etre  soit  une  memoire 
numeiique,  soil  une  memoire  analogique  CCD.  l.'emploi  vie  cette  derniere  technologie  depeml 
esseut  » e 1 lenient  vie  la  duree  de  memo  riant  i ou  du  signal  qui  est  t vpiquemeni  de  I’ordre  vie 
I secoinle  pom  les  radars  sur  avion  et  de  I'ordre  de  UH)  ms  pom  les  radars  sur  satellite; 
line  duree  vie  iitfiiifiis.il  ioii  tie  I'ordre  tie  la  secoinle  n'est  possible  qii'en  eond  i t i onnant  les 
circuits  a basso  temperature  ce  qui  coustitue  une  ctmtrainte  importante  pour  un  materiel 
uoroporte.  I.  'opoi  at  i on  tie  cor  re  tat  ion  propremeut  dite  est  ettectuee  au  moyen  tin  couvolntom 
pi  e/.oe  I ee  t r ique  tjni  tiaite,  case  de  distance  apres  vase  tie  ilistance  les  i lit  or  ma  t i ous  stockees 
en  memoire.  L.' inlet  et  vie  ce  vl  t spos  i t i l est  qu*  i 1 per  met  le  calcul  vie  la  t one t ion  vie  cone  la 
l ion  par  morceaux  et  non  pan  seulemeut  point  par  point  comae  le  correlatom  numei  ique. 

- Le  corielateur  a CCD  inlegre  la  memor i sat  ion  el  le  calcul  dans  un  memo  circuit.  I l se  compo 
se  en  ettet,  pour  chaque  case  vie  distance,  d'un  t i 1 1 re  transversal  capable  de  traitei  un 
signal  vomplcxc  (soil  quatre  (litres  t ransvoi  saux  reels)  dont  les  coot  I it*  tent  s,  represent  a 
tils  vie  la  tvmction  vie  reterenee  soul  i user  its  dans  le  vl  i spos  i t i t . Kn  ce  qui  coucorne  It's 
applications  at*  i opo  i tees,  ce  systeme  comportc  deux  i nvonven  i out  s ma  join  s : 


duree  i mpoi  t ant  «•  tie  la  memor  r sat  » on  qui  neeessile  un  t ontl  i t iouni'menl  a basso  temperature 


- diversite  des  functions  J«  rwuroacu  qui  dependent  Je  In  distance  radar , ceei  uuce-mU 
plusieurs  type*  Je  tilcrea  assoc )« a .hacuu  i unc  ou  que  Iques  c nses  Je  distance. 

La  compa raison  qui  suit  est  taite  catty  las  Juux  s vs t ernes  Je  trait  emu  til  qui  ottreiiL  actvei 
lament  la  plus  grande  souplasse  d’empLoi  1 savoir  le  traitement  nuintfrique  et  le  trni  Lenient 
acoustique  fonde  iur  l ’ at  i l isat  ion  du  convoluteur  pieaoe  Lee tr  i .que  • 

' ‘°r  relate ur  nuner igue 

L'n  schema  synoptique  du  syntonic  Je  t ra i Cement  par  correlation  numerique  est  tourni  tLgure 

Le  signal  video  is.su  Ju  lecepteur  aprds  JentcJu  Lit  ion  coherent*  est  echan 1 1 lionue  cl  convert i 
sous  forme  numei  ique  Jans  la  aone  utile  Je  chaque  periodic  Jc  recurrence.  Cel  echant  1 1 tonnage 
Je coupe  la  ban Je  Je  Lett  tin  visualise*  en  41  uombre  Je  ases  Je  distance,  variable  »uivant 
la  targeur  Je  la  banJe  el  la  resolution  reohetchee  en  distance  radar.  Le  signal  reyu  Jans 
chaque  v.  a.se  Je  distance  est  cusuite  nemo  r ise  apres  un  eventuel  pre  ttaitcuieut. 

Ce  lui-c  1 per  taut , quand  .'est  possible,  Je  Jiwinuer  le  liotnbrc  J echant  i l Ions  l traitec  apios 
avoir  comp lime  la  baude  Jc  trequvnee  du  signal.  Les  echant i l Ions  memorises  lepresentent  soit 
['amplitude  et  la  phase  <.ps,  »>,  soit  les  compos  antes  . a 1 tes  lenne  s Iks,  ys)  Ju  vecteur 

s i gnal . 

La  dimension  Je  la  memo  i re  dans  le  sens  Je  la  route  (noaibte  m de  recurrences  me  mo  r 1 s ee  s ) 
depend  de  la  largeur  Ju  signal  Je  reference  utilise  dans  I'operatioa  Je  correlation,  elle 
merae  Jefinissant  la  resolution  "eu  route" 


L.a  resolution  optimule  L/J  suppose  qu'est  traitee  toute  l ' informal  ion  contenue  Jans  le  lobe 
principal  de  I’antenue  (limite  J I'ouvecture  1 i JB> , co  qui  correspond  J 

eu  9o  • largeur  J l JB  Ju  diagrauiue  J'antenne 

l)  » distance  radar-cible  daus  l' axe  de  I'anteiuie 

V « vitesse  du  porteur 

tr  - frequence  de  recurrence  Ju  radar. 

l.a  resolution  r obtenue  en  ne  constderant  qu*  at  echant  ilivuis  est  eu  premiere  upproxiuut ion 
egale  <k  : 

l.  M 


l.ors  Je  chaque  peri  ode  de  recurrence,  I'operatioa  ettectuee  esl  vine  correlation  discrete 
entre  le  signal  memo r i s e dans  chaque  case  de  distance  et  uu  signal  de  reference.  IV  signal 
de  reference  possede  les  caracter 1st iques  J'. Amplitude  et  de  phase  (p  , 0 ) du  signal  re^u 
d ' un  echo  ponctuvl  fixe  ideal,  J savoir  ime  amplitude  variable  en  function  du  diagraaiue  vie 
ravonneraent  vie  I'antenne  et  une  phase  quadrat ique  : 


$ ♦ Kt*'(t»o  vians  l' axe  de  i'antenne) 

o 

4 t«D 


-‘l  1 
\ D 


soil  sous  tonne  echant  i l lonnea  fi)  * 4*  KT"  i ~ 

s o 

oil  X est  la  peri  ode  de  recurrence. 

I 'operat ion  de  correlation  s'ecrit  : 


S (n)  • I . (i-n)  . »»r  (i)  exp  |*j  fi)g  (i-n)  - (i)J | 


la  somroation  s'etendant  sur  les  m valeurs  mainor i sees . 

le  call nl  vie  S(n)  est  eftectue  pour  toutes  les  cases  de  distance  an  corns  de  chaque  pet  iodi- 
de recurrence.  l.e  signal  affine  8(n)  est  ainsi  elaboro  de  ta^on  discrete  pout  chaque  vase  de 
ill  stance.  Seule  l' amplitude  vie  Sin)  est  prise  en  considerat  ion. 


le  ealcul  de  chaque  point  vie  la  tone!  ion  de  correlation  avec  vies  aignaux  complexes  necessiu 
t heor  i quenteut  de  I'ordre  de  4 in  multiplications  et  *♦  m avbli lions,  tin  pouvant  atteiinlie 
que Iques  cent  nines). 


1.'  ut  1 1 i sat  ion  de  quantifications  part  icul  ieres  vie  I 'amplitude  et  de  la  phase  du  signal  permit 
de  * vaf f ranehir  Jen  mul f i pi icat ions  qui  son!  longues  a ettectuer. 
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l.a  Jui'Oi'  de  calcul  d * un  point  de  la  tom  (ion  de  corr^lat  ion  pour  une  cast*  dt*  distance  dcvicnt 
alors  typiquement  50  ns  x ui  on  utilisant  do  la  logique  rapid*  (KOI.). 


I*'  opera  tour  numcrique  vSMo  capable  do  oo  calcul  ot  utilisant  uno  quantification  do  phase  on 
4 olotuonts  bind  ires  occupe  un  volume  do  oirouits  d' environ  I litre  pour  uno  consomuation  do 
I/ordre  do  15  W. 

('utilisation  d'une  quant i t icat ion  do  phase  plus  tine  tail  croTtre  lo  volume  ot  la  consomnia- 
tion  (on  premiere  approx iiuat  ion  doub lenient  a chaque  tois  qu'un  olomonr.  binairo  ost  ajoulo). 

(..ooipto  t o iiu  du  nombro  do  eases  do  distanoo  a traitoi  ot  do  la  frequence  do  recurrence  du 
radar,  il  ost  possible  d'en  deduiro  lo  nombro  d'operatours  nocossaires  pour  etfectuer  lo  trai- 
tomont  on  temps  reel  ot  done  un  volume  ot  uno  consonmat ion  approximative  do  la  partio  calcul. 

bos  lois  do  roterence  dependent  theor iquement  do  la  distance  l);  toutotois  il  eat  possible  avec 
une  bonne  approximat ion  d’utiliser  la  memo  loi  pour  un  ensemble  do  cases  do  distance.  Cos 
lois  sont,  soil  stockecs  on  memo  ire,  soil  gene ice a dans  le  calculateur;  cette  derniere  solu- 
t ion  ost  plus  soup  1 o d'emploi  ot  ottre  la  possibilito  d ' mt rodui re , au  niveau  do  la  reference 
des  tonnes  correct i fa  pour  tetiir  comp to  do  desadaptat ions  event ue lies  introduites  on  amont 
dans  le  trai Cement. 

Cor  re  hjl eur ^ucoust  ique 

bn  schema  synoptique  du  systeme  do  traitemont  par  correlation  acoustique  est  fourni  figure  8. 

l.o  corielateur  acoustique  est  tonde  sin  1 ' ut  i 1 1 sat  i on  du  convoluteur  piezoelectrique  associe 
a une  memo  ire  numcrique. 

l.a  premiere  partio  du  traitemont  jusqu'a  la  nuse  on  memoire,  est  similairo  A cello  du  traito- 
menl  mum*  r ique,  a savoir  echant  i 1 lonuage , conversion  analogiquo-iuimer  ique , prot  ra  i tement , 
memo  ire. 

loci  n'est  qu'un  exemple  d' ut i 1 isation,  l'emploi  du  convoluteur  n'implique  pas  necessa i remen t 
quo  toute  cette  partio  soit  traitee  on  nuiwerique.  l.es  prot rai tement s ot  la  memorisation  peu- 
vent  etre  realises  au  raoyen  de  dispositits  CCD  avec  les  reserves  doja  roentionnees  quant  au 
temps  do  mentor  i sat  ion.  l.es  interfaces  memoi  re-convoluteur  sont  alors  difierentes  do  el  les 
assoc iees  a une  memorisation  numerique. 

l.a  deuxieme  partio  du  traitemont  consiste  a etfectuer  1 'operation  do  correlation  outre  le 
signal  re«,u  memorise  (sous  la  tonne  amp  1 i lude-phaso  ou  sous  forme  cartesieune  x , y ) 

et  le  signal  do  reference.  s s as 

l.e  convoluteur  recoil  a l'une  de  ses  entrees  le  signal  lu  dans  une  case  do  distance  de  la 
memo i re  apres  mi  sc  on  tonne.  1.  'autre  entree  revolt,  en  synchroni sme , le  signal  de  reference 
obtenu  de  la  menu*  mam  ere  (lecture  de  memoire  et  interface)  ou  goncro  a partir  d'un  oscilla- 
tcur  local  balaye  en  frequence,  l.e  produit  de  correl  it  ion  est  obtenu  en  sortie  apres  detec- 
t ion  et  echant i 1 tonnage . 

l.a  duree  maximale  T du  signal  acceptable  par  le  convoluteur  est  de  12  ps. 

l.a  niemoire  relative  a une  case  de  distance  est  romp  lie  au  fur  ot  a me  sure  de  1 ' avancement 
d«*  I'avioii.  1.' information  mentor  i sec  a une  duree  correspondant  au  temps  d'eclairage  d'une 
cible  ponctuelle  soit  environ  ) secotulo.  On  realise  done  une  compression  de  temps  de  I'ordre 

do  I il  tout  en  conso  rvant  le  produil  BT  qui  vaut  2 Oo*~  P . Cette  compression  de  temps  noces- 

site  une  memoire  t ampou  <1  lecture  tros  rapide  puisqu'il  taut  relire  en  12  ps  un  uonibre  ni 
d ' echant i l Ions  de  I'ordre  de  quclqucs  eentaines. 

Hue  solution  envisagee  pour  generet*  le  signal  de  reference  est  d'utiliser  un  oscillateur 
local  balaye  lineairement  en  frequence,  centre  a la  frequence  de  travail  du  convoluteur.  Une 
compression  correcte  du  signal  a une  distance  donnee , impose  A la  reference  d'etre  a la 
bonne  t requeuce  centrale,  d'avoir  une  varactor  i st  ique  de  pent  e determinee  ot  parfaitement 
l inea i re . 

Pcs  oearts  par  rapport  aux  spec  1 1 icat  ions  thooriques  so  traduisent  pai  un  deealage  en  temps 
de  la  tonctiou  de  correlation  en  sortie,  equivalent  a un  deealage  "en  route",  a une  pet  to 
sui  l'amplitude  et  a un  elai  gissemeut  du  signal  .it  I me. 

1 1 est  done  uecessaire  d'une  part,  d'asservir  la  frequence  centrale  de  l'osciUatoui  local 
a la  frequence  de  t ranspos i t ion  du  signal  issu  de  la  memoire,  d'autte  part  d'asservir  sa 
pen to . 

l.es  precisions  necessa ires  sont  de  I'ordre  de  10  KM/  pour  la  I requeuce  centrale  et  do  la 
dizaine  de  degres  sur  les  catacler ist iques  de  phase. 

I intetel  du  convoluteur  piezoe  leetv  ique  reside  en  re  qu'il  lourmt  non  pas  un  point,  ntais 
la  tonctiou  do  cone  1 at  i on.  Sous  reserve  de  memorise!  le  signal  ic^u  sm  une  duree  super i cure 
a cello  du  signal  de  reterenee  cette  technique  conduit  a ealculer  la  tonctiou  de  correlation 
pai  mi»  ice  aux . l.eci  evite  d'avoir  a eltectuer  le  calcul  lors  de  chaque  perii>de  de  recurrence 
pour  t out os  les  cases  de  distance.  II  est  ainsi  possible  avec  un  soul  convoluteur  de  traitet 
un  grand  nombro  de  eases  de  distance  et  de  couvrit  un  domaino  plus  important,  a voiume  de 


A 
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traitement  identique,  qu'avec  des  operateurs  purement  numer iques . 

Le  signal  correle,  apres  detection  est  echantillonne  et  memorise  de  faqon  a regrouper,  pour 
une  case  de  distance  les  differents  morceaux  calcules  separement.  Ce  signal  de  sortie  peut 
etre  alors  exploite.  II  represente  directement  la  carte  radar  affinee  du  sol. 

Le  convoluteur  acoustique  avec  ses  interfaces  associees  : modulateurs,  ampl i f icateurs , f i 1 — 
tres,  occupe  un  volume  d'environ  1 litre  pour  une  consommat ion  de  l'ordre  de  5 watts. 

La  generation  du  signal  de  reference  avec  ses  boucles  d ' asservissement  a un  volume  et  une 
consommat ion  analogues. 

Comgara^son_numer  i^que-acous  t igue 

Le  tableau  5 presente  quelques  caracter istiques  d'un  systeme  de  traitement  par  correlation 
associe  3 un  radar  d antenne  laterale  synthetique  aeroporte  dans  deux  configurations  : 

- visualisation  d'une  bande  de  5 km  de  large  avec  une  resolution  de  l'ordre  de  5 id  x 5 n 

- visualisation  d'une  bande  de  50  km  de  large  avec  une  resolution  de  l'ordre  de  10  m x 10  m. 


Zone  de  largeur 

5 km 

Zone  de  largeur 

50  km 

Distances  limites 

5 km  - 10  km 

50  km  - 100  km 

Resolution 

5 m x 5 m 

10  m x 10  m 

Nombre  de  cases  de  distances 

2 000 

10  000 

Nombre  d 'echant il Ions  roe- 

morises  en  route  (valeur 
moyenne) 

40 

90 

Nombre  d' operateurs  numeri- 
ques 

Nombre  d'operateurs  acous- 
t iques 

2 

1 

8 

I 

Taille  memoire  du  correla- 

80  K mots 

900  K mots 

teur  numerique 

Taille  memoire  du  correla- 

120  K mots 

1 400  K mots 

teur  acoustique 

Tableau  5 

L'examen  de  ces  caracteris tiques  montre  que  du  point  de  vue  volume  et  consommation  1 'utili- 
sation du  traitement  par  correlation  acoustique  est  d'autant  plus  interessante  que  le  nombre 
de  cases  de  distance  h traiter  s'accroit.  II  faut  noter  que  les  tailles  de  memoire  sont  peu 
differentes  dans  les  deux  systemes  avec  une  memoire  un  peu  plus  importante  pour  le  correla- 
teur  acoustique,  a cause  de  1 ' accroissement  du  nombre  de  recurrences  memorisees  pour  le 
calcul  par  morceaux  de  la  fonction  de  correlation  et  du  stockage  du  signal  re<ju  pendant  la 
duree  de  ce  calcul. 

L' util isation  du  convoluteur  piezoelec trique  offre  par  rapport  aux  techniques  purement  nume- 
riques  d'autres  avantages.  II  permet  de  s'affranchir  des  effets  d'une  quantification  grossie- 
re  sur  la  phase  des  signaux,  quantification  utilisee  dans  les  operateurs  numeriques  decrits 
et  qui  degrade  la  qualite  de  la  fonction  de  correlation  : perte  d' amplitude  du  pic  de  corre- 
lation, remontee  des  lobes  secondaires  et  de  l'energie  contenue  dans  le  piedestal.  Les 
performances  obtenues  avec  le  convoluteur  piezoelectr ique  sont  cependant  limitees  par  les 
quantifications  necessaires  pour  la  mise  en  memoire  des  informations. 

La  dynamique  du  convoluteur  (40  & 50  dB)  est  netteraent  suffisante  pour  une  fonction  de  carto- 
graphic. Les  operateurs  numeriques  qui  ont  servi  de  comparaison  possedent  une  dynamique  de 
40  dB;  l'avantage  des  circuits  numeriques  est  qu'il  est  aise,  en  augmentant  le  nombre  d'ele- 
ments  binaires,  d'accrottre  la  dynamique,  au  detriment  cependant  de  la  complexity  et  du 
volume. 

Les  differents  signaux  parasites  inherents  au  fonct ionnement  du  convoluteur  : autoconvolution 
ou  convolution  trajet  double,  ne  perturbent  pas  le  fonctionnement  du  dispositif  puisque  le 
signal  de  sortie  est  echantillonne  au  moment  de  l'apparition  du  pic  de  correlation,  et  qu'un 
intervalle  de  temps  de  l'ordre  de  T (12  vis)  est  prevu  entre  le  traitement  de  deux  cases  de 
distance  successives. 

line  des  difficultes  d'emploi  du  convoluteur  est  qu'il  suppose  un  echanti 1 lonnage  et  un  codage 
rapide  (quelques  dizaines  de  nanosecondes)  du  signal  de  sortie  apres  detection.  Une 

. ... _ L^jA 


comprint!  ion  logar  i tltmique  Je  1 'amplitude  de  ce  signal  di  minin’  l «*  nombre  d'eleiueiits  binairos 

do  quantification  loti  so  limit?  a S Moments  binairos  soil  JO  dH  do  dynanu quo ) ot  tacilito  la 

realisation  du  convert i ssour  analogiquo-tmmoi iquo . 

Knfin,  lo  convolutour  pi6zo41ect  r iquo  dans  cot  to  application  travaille  on  inode  synoltrone  il 
tdut  entrer  s i mu  1 f .moment  lo  signal  royu  ot  lo  signal  do  rMorence.  1. ' ut  i 1 i sat  i on  d'un  cot  to- 

latour  a memo  ire  qui  conserve  la  momoiro  du  signal  do  rMerenoo,  suppose  otto  lo  menu  pout 

un  onsomblo  vie  cases  do  distance,  simpl i tiorai t sons t bl omcnt  lo  materiel. 


CONCLUSION 


l.o  convolutoui  piezoeloct r iquo  ost  1 ' un  dos  composants  a ondos  acoustiquos  tie  surface  qui  pat 
sos  performances  pout  romplaccr  avaut ageusomout  certains  sys term's  numetiques  utilises  jus 
qu*  ici  dans  los  traitemonts  de  cot' ro  1 at  i on . 

II  ost  part icul idrement  adapt?  au  traitomont  rapido  dos  signaux  onus  pat  los  radars  modomos, 

A produit  H.T  important,  do  plusiours  containos,  ot  A hando  passanto  largo,  do  plusiouts 
dtzatnos  do  megahertz. 

Son  utilisation  ost  ronduo  compatible  do  trait omonts  numetiques  *>u  analogiquos 
par  dos  interfaces  memo i res  ot  oonvor t i ssours , i ltd t sponsab los  pout  adaptor  los 
temps  lies  signaux  ot  lours  formes. 

Pour  cos  traitomonts  l* ensemble  convolut  out— intott  aces  ol'fro  alors  par  rapport  aux  techniques 
puromont  niuuoriquos  dos  perspectives  d'  ante  l iovat  i on  sut  les  vitossos  do  calcul,  l ' oncombt  onuMtl  , 
la  consommat ton  ot  lo  cout . 

Pans  co  domaino  do  la  correlation  appl iquwo  aux  signaux  radars  A largo  batuio,  I'tntoret  so 
potto  maintonaut  vers  los  corrulatotirs  A momoiro  qui  pourront  rotttplacot  lo  convolutout 
piozooloetriquo  dans  certains  sys times  do  traitomont. 

lout  utilisation  , encore  du  domaino  du  lahoratoiro,  dovrait  conduiro  A dos  systbmos  extreme 
mont  simplifies  dans  lour  ntiso  on  oeuvre,  on  part icul ior  au  niveau  dos  interlaces  ot  do 
1 'oxploi tat  ion  qui  rostent  un  point  majour  lie  aux  dispositifs  acoustiquos. 


comp l omont a 1 1 o s 
o cite  lies  do 


Co s etudes  ont  pour  origino  dos  travaux  otfoctuds  a la  division  "Activites  Sous-Mar i nos  do 
THOMSON- CSS  stir  lo  convolutour  piozooloct  t iquo  sous  l1  impulsion  do  la  Direct  ion  dos  Kochot 
cites  ot  Mo  yens  d'Kssais. 

Kilos  so  sottt  poursuivios  A la  division  "Avioniquo  ot  Spatial"  do  THOMSON-CSF  sous  conttats 
ilo  la  Direction  Technique  vies  Construct  ions  Aeronaut  i ques  . 

Nous  tenons  A rentercier  ivs  deux  <»rganisntes  tie  la  IV  legation  Ministbriel  lo  pour  1 Armomi'nt 
qui  nous  ont  soutonus  dans  la  realisation  do  cos  etudes. 
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DISCUSSION 


Roberts 

In  the  synthetic  aperture  processor  you  have  a video  store  which  is  digital.  How  many  hits  do  you  think  the  words 
have  to  he  and  how  many  different  reference  chirps  do  you  require  for  different  ranges? 

Reponse  d*  Auteur 

l.o  signal  \ id  to  est  converti  sous  forme  numerique  en  7 hits  pour  chacune  des  composantes  La  mise  en  memoire 
s'etfectue  upfres  un  codagc  particulier  sur  un  nomhre  inferieur  de  hits  Pour  le  traitement  numerique  associc  au 
premier  exemple  (/one  de  5 km)  il  taut  environ  .30  lois  de  references  differentes. 
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Figure  1 BLOC  DIAGRAMME  DE  TRAITEMENT 


Figure  2 SCHEMA  DU  CONVOLUTEUR  PIEZOELECTRIQUE 
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Figure  4 MESURE  DE  TEMPS  PAR  CORRELATION 
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SUMMARY 

The  application  of  L-band  reflect ive  array  pulse  compression  devices  with  a t ime-bandwid th  product  of 
3120  to  a high  resolution  radar  is  described.  This  is  believed  to  be  the  largest  time-bandwidth  product 
for  any  reflective  array  compressor  (RAC)  in  an  operational  system. 

The  subject  radar  is  the  Lincoln  Laboratory  ALCOR,  which  is  a C-band  instrumentation  tracking  radar 
designed  to  provide  precision  trajectory  and  signature  information  on  space  vehicles.  In  its  waveform 
inventory  ALCOR  has  a wideband  operating  mode  with  a 512-MHz  instantaneous  bandwidth  (0.4  meter  range 
resolution)  that  permits  resolution  of  the  individual  scattering  centers  of  a target. 

Since  the  original  construction  of  ALCOR,  techniques  have  become  available  for  synthesizing  a matched 
filter  to  the  wideband  chirp  transmitted  waveform  utilizing  SAW  devices.  Two  receiver  channels,  matched 
to  left-  and  right-circular  polarization  respectively,  have  been  implemented.  An  earlier  (successful) 
attempt  at  a matched  filter  design,  utilizing  a band-partitioned  approach  rather  than  SAW  technology,  re- 
quired 32  parallel  subchannels  each  handling  only  16  MHz  o.  bandwidth.  In  this  prior  work  only  a single 
matched  filter  channel,  to  process  either  LG  or  RC  polarization,  was  implemented  due  to  the  formidable 
number  of  components  required. 

The  SAW  approach  utilizing  RAC  devices  permits  a very  considerable  savings  in  equipment,  and  the 
capability  of  providing  amplitude  weighting  and  phase  compensation  within  the  RAC  itself.  RAC  devices 
have  operated  reliably  in  the  ALCOR  radar  for  approximately  four  years. 

INTRODUCTION 


ALCOR  is  a high  (range)  resolution,  pencil  beam,  monopulse  tracking  radar.  Designed  as  a range  in- 
strumentation system,  it  has  been  operating  for  a number  of  years  collecting  trajectory  and  signature 
data  on  satellites  and  reentry  objects. 

The  radar  has  three  basic  modes;  a wideband  (512  MHz)  skin  tracking  mode  that  permits  observation  of 
scattering  centers  over  a very  limited  range  extent  (90  meters);  a narrowband  (6  MHz)  skin  tracking  mode 
whose  primary  function  is  to  provide  target  acquisition  for  the  wideband  mode;  a beacon  tracking  mode  for 
target  identification.  All  three  modes  are  also  used,  in  combination,  for  gathering  trajectory  data. 

The  radar  timing,  selection  of  tracking  waveforms,  tracking  algorithms,  and  data  recording  are  all  under 
the  control  of  a digital  computer.  The  ALCOR  transmission  in  either  of  the  two  skin  tracking  modes  is  a 
linear  FM  pulse  of  approximately  10  microseconds  duration.  Th°  radiation  is  right  circularly  polarized; 
on  receive,  both  left  and  right  circular  polarizations  are  processed. 

During  the  initial  design  of  ALCOR  in  1964  it  was  clear  that  the  amount  of  WB  data  recorded  would 
have  to  be  severely  limited  in  order  to  stay  within  the  capabilities  of  digital  magnetic  recording  equip- 
ment that  was  commercially  available  at  that  time.  Furthermore,  the  capability  to  construct  a matched 
receiver  from  components  having  the  full  instantaneous  bandwidth  of  the  WB  mode  did  not  exist.  The  de- 
cision was  taken  to  base  the  design  of  the  receiver  signal  processing  for  the  WB  mode  on  a time- 
bandwidth  exchange  scheme  ("stretch")  whereby  the  instantaneous  signal  bandwidth  is  reduced  to  that  of 
the  NB  mode;  6 MHz.  Correspondingly,  in  the  stretch  processor  the  time  axis  is  expanded  by  85:1.  Hence 

it  was  possible  to  multiplex  the  WB  and  NB  signals  through  the  same  receiver  channel  and  to  use  the  same 

pulse  compression  network,  weighting  filter  and  transversal  equalizer.  The  major  components  of  the  ALCOR 
receiver  are  illustrated  in  Figure  1. 

The  recorded  radar  data  comprises  digital  video  samples  of  logarithmic  amplitude  and  phase,  for  both 
LC  and  RC  channels.  The  recording  windows  for  the  NB  and  WB  modes,  assuming  a 10  MHz  sampling  rate,  are 

2.5  km  and  30  meters  respectively.  In  the  WB  mode,  a 30  meter  window  size  was  originally  considered 

adequate  to  fully  cover  the  extent  of  any  space  object  of  interest.  Subsequently  a capability  of  record- 
ing over  three  30-meter  contiguous  range  windows,  to  provide  a 90-meter  recording  window,  was  added. 

This  capability  was  obtained  at  the  cost  of  a considerable  increase  in  the  receiver  hardware,  in  the  form 
of  two  additional  correlation  mixers  in  the  stretch  processor  and  a number  of  delay  lines  in  the  multi- 
plexer. Currently,  the  total  data  rate  for  the  90-meter  window  In  the  WB  mode  exceeds  the  recording 
capacity  of  the  system. 

♦This  work  is  sponsored  by  the  Office  of  the  Chief  of  Research  and  Development,  Department  of  the  Army.  It 
is  supported  by  the  Advanced  Ballistic  Missile  Defense  Agency  under  AF  contract  F19628-76-C-0002 . The 
views  and  conclusions  contained  in  this  document  are  those  of  the  contractor  and  should  not  be  Interpreted 
as  necessarily  representing  the  official  policies,  either  expressed  or  implied,  of  the  United  States 
Government . 
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Table  1 


ALCUR  SYSTEM  PARAMETERS 


Frequency 
Antenna  beamwidth 
Peak  power 
Pulse  length 
Modulation  (skin  modes) 
Modulation  bandwidth 

PRF 

Sensitivity  (skin  modes) 

Recording  capability 
Video  Sampling  (10  MHz  Rate) 


Quant izat ion 


~5.4  - 5.9  GHz 
0.3  deg. 

4 MW 

10  micro secs 
Linear  FM 

512  MHz  (WB  mode) 

6 MHz  (NB  mode) 

20-350  Hz 

2 

23  dB  S/N  ratio  on  a lm  target 
at  1000  km  range 

280  Kbytes  per  sec  (8  bit  bytes) 

NB;  170  samples  amp.  and  phase 
over  a 2 . 5 km  range  window 

WB;  170  samples  amp.  and  phase 

over  each  of  three  30m  range 
windows 

Amplitude  7 bits;  Phase  8 bits 


From  this  discussion  it  will  be  evident  that  the  original  ALCOR  WB  signal  processing  and  recording 
architecture  are  not  easily  adaptable  to  the  gathering  of  data  on  extended  target  complexes,  and  an  al- 
ternative approach  was  adopted.  Additional  parallel  LC  and  RC  receiver  channels  with  SAW  analog  matched 
filters  were  implemented,  enabling  targets  anywhere  within  the  PRI  to  be  processed.  Secondly,  in  order 
to  overcome  the  recording  bottleneck  it  was  mandatory  to  undertake  post  processing  data  condensation  prior 
to  recording.  This  sorting  and  filtering  of  the  data  is  carried  out,  after  conversion  to  250  MHz  base- 
band, in  high  speed  special  purpose  digital  logic  circuitry. 

THE  ALL- RANGE  WIDEBAND  CHANNEL 


The  new  ALCOR  processing  channels,  known  collectively  as  the  All  Range  Wideband  Channel  (ARWBC)  are 
Illustrated  in  Figure  1.  In  order  to  avoid  overburdening  the  ALCOR  system,  additional  independent  re- 
cording and  displays  were  implemented  to  handle  the  ARWBC  data.  Due  to  the  data  condensation,  only  modest 
recording  capacity  is  required. 

The  ARWBC  target  information  recorded  consists  of 

a)  Target  reports  on  up  to  30  targets  each  PRI 

b)  Twenty  consecutive  digital  samples  at  a 400  MHz  rate  on  a single  selectable  target  per  PRI 


A supplementary,  but  nonetheless  important,  role  of  ARWBC  is  to  provide  an  extended  range  acquisition 
window  for  the  ALCOR  WB  tracker.  Normally  in  ALCOR,  target  designation  and  lock-on  requires  manual  inter- 
vention. Since  the  WB  tracker  is  very  responsive,  this  necessitates  considerable  dexterity  on  the  part  of 
the  operator.  The  wide  acquisition  window  provided  by  the  ARWBC  display  materially  aids  this  process. 

All  targets  exceeding  the  threshold  show  up  on  the  display  although  data  is  recorded  on  only  30  detected 
targets.  In  addition,  target  ranges  can  be  supplied  to  the  ALCOR  computer  for  automatic  acquisition. 


An  early  version  of  the  ARWBC  matched  filter,  the  so-called  All  Range  Processor  (ARP),  was  implemented 
in  1972.  It  has  since  been  superceded  by  a RAC  design.  Figure  2 illustrates  the  tremendous  reduction  in 
physical  hardware  achieved  with  the  RAC  configuration.  The  figure  shows  a dual  polarization  matched  fil- 
ter assembly  of  two  RAC’s  housed  individually  in  thermostat  ted  ovens,  and  the  four  cabinets  of  solid  state 
components  that  would  be  required  to  achieve  the  equivalent  electrical  performance  using  a channelized  re- 
ceiver approach.  In  order  to  convey  an  appreciation  for  the  simplicity  of  the  RAC  configuration  versus  the 
ARP,  a brief  description  of  the  latter  will  be  given. 


THE  A L I .-RANGE  PROCESSOR 

Th.  principle  of  operation  of  the  ARP  is  illustrated  in  Figure  3.  The  received  signal  is  partitioned 
in  the  frequency  domain  into  32  subchannels,  each  having  a bandwidth  of  16  MHz  and  a time-bandwidth  product 
of  5.  Pulse  compression  is  obtained  with  the  combination  of  a dispersive  bridged  tee  network  and  a fixed 
delay  In  each  subchannel. 


The  ARP  can  process  only  one  polarization  at  a time.  A polarization  switch  at  the  RF  inputs  enables 
either  LC  or  RC  polarization  to  be  selected.  The  ARP  accepts  the  C-band  ALCOR  signal  and,  after  trans- 
versal equalization,  divides  it  into  four  paths.  The  four  components  are  down  converted  to  a common 
center  frequency  of  768  MHz.  Each  of  the  'our  paths  are  further  divided  by  eight.  In  each  of  the  32 
paths  so  formed  the  signal  is  mixed  down  to  an  IF  center  frequency  of  40  MHz  where  pulse  compression  is 
performed.  The  compressed  and  delayed  outputs  are  mixed  back  up  to  768  MHz  and  combined  into  a single 
output.  After  combining,  the  signal  frequency  is  translated  up  to  C-band  where  amplitude  weighting  is 
performed  in  an  f nterd tgi tal  filter.  Finally,  the  compressed,  weighted  ARP  output  signal  is  mixed  down 
to  the  log  IF  frequency  of  J GHz. 
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When  the  RAG  system  became  available*  the  ARP  watt  maintained  on  line  hn  a spare  receive*  channel  in 
case  of  catastrophic  RAG  failure,  an  event  which  never  actually  occurred.  Uitli  the  tel  lability  ot  the 
RAG  devices  proven,  the  ARP  was  eventually  deactivated. 

Ihe  total  complement  of  ARP  hardware,  including  mixcts,  frequency  sources  and  power  supplies,  which 
occupies  seven  equipment  racks,  Is  shown  in  Figure  4.  A pair  of  RAC’s  replaced  five  oi  the  seven  equip- 
ment cabinets.  The  transversal  equalizers  were  retained  tor  operation  with  the  RAC  devices,  l.-band 
mixers  and  log  amplifiers  were  also  required. 

RKFl.KGT  1 VE  ARRAY  COMPRESSOR  DESIGN 

The  design,  fabrication  and  properties  of  reflective  array  compressors  of  the  type  used  in  the  present 
work  have  been  described  extensively  by  Williamson  et  al‘“  . Devices  were  fabricated  on  l.iNbO^  substrate 
material  with  the  topography  Illustrated  in  Figure  *> . 

ihe  RAC  design  center  frequency  ot  1 GHz  was  selected  after  taking  into  consideration  three  compel ing 
factors;  insertion  loss  and  fabrication  difficulty,  both  of  which  are  inversely  proportional  to  frequency; 
and  desire  tor  a large  fractional  bandwidth,  which  suggests  a high  frequency.  The  special  problems-*  en- 
countered at  frequencies  as  high  as  1 l»Hz,  associated  with  dimensional  tolerances,  attenuation  and  dis- 
persion of  the  medium,  have  been  successfully  overcome  in  the  devices  supplied. 

The  surface  wave  reflection  grating  consists  of  a "herringbone”  array  of  ion-beam  etched  grooves  of 
width  1.2  pm  and  variable  depth.  The  groove  spacing  Increases  linearly  with  distance  from  the  input- 
output  transducer  pair.  The  component  oi  the  chirped  signal  corresponding  to  a given  frequency  is  re- 
flected from  a small  region  ot  the  grating  where  the  groove  spacing  matches  the  wavelength  ol  the  propa- 
gating surface  wave.  fho  geometry  is  such  that  a wave  launched  in  the  Z direction  Is  reflected  through 
90°  by  the  grating  in  the  path  of  the  wave.  A second  grating,  which  is  a mirror  Image  of  the  first  grat- 
ing about  the  7.  symmetry  axis,  Introduces  another  90°  reflection  to  reverse  the  direction  ot  pronagat ion 
of  the  surface  wave  towards  the  output  transducer,  where  it  is  intercepted.  The  acoustic  beam  i.i  approx! 
mutely  100  wavelengths  wide. 

The  reflection  grating  pattern  for  each  RAG  was  reproduced  from  a master  photomask.  The  grating 
pattern  was  t irst  copied  onto  the  substrate  In  photo-resist  and  then  ion-beam  etched  to  torm  the  grooves 
of  the  reflection  grating.  The  grating  reflectivity  is  a function  ol  £he  groove  depth,  which  was  varied 
progressively  along  the  length  of  the  grating,  ranging  from  20  to  400  A,  *•'  compensate  for  the  variation 
in  RAG  characteristics  with  frequency  and  to  achieve  an  approximately  Hamming  amplitude-weighted  response 
In  the  finished  product. 

The  input  and  output  transducers  consist  of  .*>  fingers,  each  0.8  micron  wide.  The  transducer  pattern 
was  produced  bv  electron-beam  lithography  and  replicated  by  photol ithographic  techniques. 

A packaged  RAG  device  is  shown  in  Figure  b.  Portions  of  the  reflection  grating  are  visible  on  the 
substrate.  In  order  to  decrease  input-output  direct  feedthrough,  a metal  septum  has  been  placet!  between 
the  transducers,  which  are  separated  by  only  1 mm.  The  combination  of  the  transducer  impedance  and  the 
surface  wave  Impedance  are  highly  reactive,  and  a broadband  input  match  is  difficult  to  achieve.  There- 
fore, only  a modest  impedance  transformat  ion  was  attempted,  to  reduce  the  mismatch  loss  while  retaining  a 
relatively  frequency  Insensitive  power  transfer  characteristic.  Connection  to  each  transducer  Is  made 
from  a SO  ohm  microstrip  transmission  line  with  an  inductive  fine  gold  wire  which  partially  compensates 
the  transducer  capacitance.  Attenuator  pads  were  placed  at  the  input  and  output  terminals  ot  each  HAG  to 
keep  the  VSWR  below  2:1. 

Since  the  RAG  electrical  characteristics  are  temperature  sensitive,  each  device  has  been  designed  to 
match  the  ALCOK  transmitted  waveform  at  an  elevated  temperature  ( S0°G) , allowing  the  RAG’s  to  be  housed 
in  Individual  ovens  for  temperature  stabilization. 

RAG  OPERATING  GHARAGTERl STICS 

A total  of  nine  RAG.  devices,  designed  and  fabricated  by  the  Surface  Wave  Technology  Group  ot  l incolu 
Laboratory,  have  been  delivered  to  the  Kwajaleln  field  site  and  operated  over  a period  of  four  years. 

The  device  character  1st ics  are  listed  in  Table  II.  Experience  has  been  gained  with  all  units.  The 
initial  Installation  of  units  340  and  383  in  the  ALGOR  All-Range  Wideband  Channel  took  place  in  October 
1973. 


The  RAG  operating  temperature  must  be  stabilized  to  within  relatively  tight  limits  in  ordei  to  mini- 
mize variations  in  electrical  characteristics.  The  most  sensitive  parameter  is  the  group  delav  at  the 
center  frequency,  the  temperature  dependence  of  this  parameter  being  given  by 
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where  > is  the  temperature  coefficient  of  delav  (+9.0  x 10  per  deg  G) , t Is  the  center  frequency 
o o 

(1  (’Hz),  T is  the  pulse  width  (10  microsecs),  B is  the  instantaneous  bandwidth  (M2  MHz)  and  the  nominal 
group  delay,  i , is  7.81  microseconds.  The  evaluated  change  in  group  delay  is  1.1  nanoseconds  per  degree  0. 

Hence,  a temperature  stabilization  range  of  about  ♦0.1®C  will  maintain  the  delay  to  a small  fraction  ot 
the  compressed  pulse  width. 
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Hu*  RAC  devices  wort*  designed  to  be  matched  to  the  AI.COR  WH  I requenev  tamp  .it  an  operating  tempeta- 
ture  of  5Q‘Y . Small  iW»v  iat  ions  in  material  charac  t oi  l st  ies  and  surface  conditions  from  ervstal  to 
crystal  i.iiiso  tlit*  oven  tompoiatuio  sotting  requited  lot  t ho  oorroot  chirp  slope  to  ho  ditieront  from  t ho 
nominal  value,  but  typical  Iv  within  10*C.  The  fractional  change  of  ehlip  slope  pel  dogtee  centigrade  Is 
equal  to  -.*>  (l.o.,  -1.8  x 10”**  poi  deg  C)  . The  most  significant  effect  of  a sr.all  slope  mismatch  Is  a 


degradation  In  the  time  sidelobes. 


is  the  quadratic  phase  eriot  at  the  t requeney  land  edge,  then 


- •«  l . ° phase  per  degtee  font  igi  ado 


From  t lu*  work  oi  Klaudei  ot  al  a quadratic  phase  oiior  ot  41.5*  would  have  only  a very  small  efte.  t on  the 
compress  Ion  gain  and  the  sldolobe  level.  Thus  the  phase  error  produced  by  a ‘0.1*1'  temperature  variation 
w\u»ld  have  a completely  negligible  effect.  It  is  noteworthy  that  the  t hot  most  at t od  RAC  ovens  are  capable 
ot  maintaining  the  temperature  setting  to  within  '0.0S°f. 

1'uble  II  shows  the  calculated  charac  t er  1st  ten  ot  the  compressed  waveform  lot  an  ideal  linear  KM  input. 
The  calculated  sldolobo  level  is  based  upon  tin*  measured  device  CW  insertion  loss  and  phase  versus  I re- 
quency.  For  the  first  foul  units  the  sfdclohc  level  is  i'oiis  iderah  1 y higher  than  one  might  expect  lot  a 
Hamming  weighted  structure.  Both  amplitude  errors  in  the  weighting  and  phase  errors  contribute  to  ibis 
problem.  It  was  discovered  that  the  grating  grooves  were  tin l nt ent Iona l l v deepened  by  an  acid  solution  used 
during  a » leaning  process  tol lowing  lon-beam  etching.  This  had  the  efiect  ot  modifying  the  grating  re- 
flectivity such  that  tin4  amplitude  re-iponse  versus  frequency  becomes  skewed,  as  illustrated  by  several  ot 
the  amplitude  characteristics  shown  in  Figure  7a.  Both  units  Art1*  and  490  exhibit  a skewed  amplitude  re- 
sponse, yet  exhibit  much  lower  sidelobes  than,  for  example,  unit  181.  Since  the  deviations  from  quad- 
rature phase  response  lot  units  489  and  490  are  very  small  ( 1 . 5°  mis),  careful  control  of  the  phase  re- 
sponse appears  to  be  the  dominant  reason  for  the  superior  performance  of  these  two  devices.  Figure  7l> 
shows  the  compensated  phase  responses  foi  the  same  units  as  for  Figure  7a. 

The  tvpical  phase  deviation  from  the  ideal  quadratic  response  is  generally  excessive  for  the  AI.fOK 
application,  and  phase  compensat ion  has  to  be  applied  individually  to  each  device.  The  typical  uncom- 
pensated and  compensated  phase  responses  for  a RAC  are  shown  in  Figure  8.  Williamson'’  has  attributed  the 
slowlv  varying  phase  component , which  Is  the  major  problem,  as  being  due  to  "free  surface"  dispersion. 
Apparently  the  elastic  proper t les  ot  the  surface  layer  of  the  l.lNbO^  substrate,  to  a depth  ot  about  10A 

are  slightly  different  from  those  ot  the  deepet  material.  Thus  the  local  surface  condition  causes  a 
small  spi ead  in  the  velocity  ot  the  surface  wave.  The  additional  small  periodic  phase  error  observable 
in  Figure  8 is  believed  to  be  due  to  a pei  iodic  error  in  the  local  ion  ot  the  reflection  grating  grooves. 

An  internal  phase  compensat ion  scheme,  based  upon  the  retardation  ot  the  surface  wave  by  a metal  film, 
has  been  used  to  reduce  the  rro.s  phase  deviation  from  quadratic  to  a few  degrees.  The  metal  film  is  de- 
posited on  the  substrate  between  the  t wo  gratings,  as  shown  in  Figure  5.  The  width  of  the  conducting  film 
as  a function  ot  distance  /.  is  determined  separately  for  each  RAC,  knowing  the  required  phase  correction 
as  a function  of  frequency  and  assuming  an  empirically  determined  relationship  for  the  delay  per  unit 
length  of  conducting  film.  It  is  significant  that  the  residual  cubic  and  higher  order  phase  errors  con- 
tribute primarily  to  the  near-in  sidelobes  which  can  be  reduced  by  transversal  equalizers. 

Measurements  ot  time  siilelobe  levels  with  the  RAC  device  connected  into  the  radar  system  show  a 
general  dogradat  ion  I rom  the  calculated  performance,  duo  t o the  non- ideal  characteristics  of  the  AIXOR  WB 
ramp  generator  and  to  Internal  reflections  in  the  system.  Sixteen-tap  transversal  equalizers  are  pro- 
vided In  the  l.C  and  RC  channels  to  suppress  sidelobes  occurring  within  Mb  nanoseconds  of  the  main  re- 
sponse. The  transversal  equalizers  should  enable  the  residual  sldolobe  level  within  this  range  to  be 
suppressed  to  below  the  - H)  till  level. 

experimental  estimates  ot  the  maximum  sldolobe  level  may  be  a little  low  due  to  the  nature  of  the 
measurement  set-up  although  there  Is  a high  cont idence  that  the  peak  sldolobe  level  did  not  exceed  -30  dR 
in  almost  all  cases.  Measurements  were  made  from  a video  display  at  the  output  ot  the  log  amplifier  which 
follows  the  RAC.  There  is  evidence  that  the  amplitiei  does  not  respond  logarithmically  to  the  sldolobe 
pulse,  which  is  only  2 nanoseconds  wide.  The  mainlobo  ot  the  response,  however,  is  closer  to  4 nano- 
seconds wide  between  nulls,  and  reproduct  Ion  ot  the  mainlobo  pulse  is  more  faithful. 

Figure  9 illustrates  the  perlormanco  ot  Unit  181  in  the  ARWBC.  Figure  9a  shows  a sampling  oscillo- 
scope trace  of  the  compressed  carrier  at  the  output  ot  the  RAC.  Figure  9h  shows  the  detected  output  of 
the  log  IF  amp!  if  lor.  i The  maximum  sidolohe  level  Is  -30  till.  The  X-axis  scale  is  5 nanoseconds  per  cm. 

An  Interesting  character  1st ie  property  ot  the  RAC  device  is  a very  low  sldolobe  level  in  the  region 
well  removed  trom  the  peak  ot  the  compressed  pulse.  This  Is  an  additional  sldolobe  suppression  inherent 
in  the  RAC,  ovoi  and  above  that  due  to  the  Hamming  weighting  designed  into  the  structure.  It  is  a function 
ot  the  RAC  geometry  and  is  related  t o the  fact  that  the  surface  wave  undergoes  two  cascaded  ref  lect  ions 
within  ( he  dev  ice . 


Units  475  ami  7 7 differ  stgnit  leant  ly  in  character  1st  ios  from  tin*  other  devices,  believed  to  he  due 
to  exposure  of  the  l. INIs'  substrate  to  excessive  temperatures  during  one  of  the  fabrication  stages.  This 
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caused  local  vai  iat  ions  in  tin*  substrate  surface  charac  t er  1 st  les , (arising  the  surtaoo  wave  propagation  t o 
become  non-un 1 forml v dispersive.  One  consequence  is  an  abnormally  high  deviation  trom  the  ideal  quadratic 
phase  (espouse,  which  was  difficult  to  compensate  With  device  No . 475,  tor  example,  the  residual  i ms 
devlat  Ion  is  7 . V' . In  addition,  the  chirp  slope  differed  substantially  t rom  the  design  value,  requiring 
a low  operating  lempet  at  tire  t o match  tin*  Al  COR  WB  ramp.  Since  the  required  temperature  was  out  ('I  the 
range  of  the  oven  cont ro 1 1 ei  the  chirp  bandwidth  was,  instead,  reduced  bv  900  kHz.  The  impact  on  the 
Al  COR  system  pel  t’ormnnee  was  negligible.  When  matched  simultaneously  t o the  new  ramp  slope  the  tevisod 
operating  tempeiatutes  ot  SN*»7  5 and  wot  e 40.1*1’  and  45.7*'C  rospoe  t I vol  v . 
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Simulation  experiments  on  t he  system  response  to  two  closely  spaced  targets  were  performed,  using 
RAC  18  1 In  the  ARWBC  l.C  channel.  The  simulated  target  pair  was  generated  from  the  input  Al.COR  WH  ramp 
by  dividing  the  signal  into  two  paths.  Introducing  a differential  delay  by  adding  a length  ot  coaxial 
cable  to  one  path,  and  then  recombining  the  two  paths.  Figure  10  shows  'F  log  amplifier  output,  using  a 
11  inch  cable  length  to  produce  a 1.8  nanosecond  target  separation.  In  Figures  10a,  10b,  and  10c  the 
trailing  signal  relative  amplitude  Is  0,  -10  and  -20  dB  respectively.  In  Figures  lOd  and  lOe  the  leading 
target  is  attenuated  by  -10  and  -20  dB  respectively.  The  two  targets  are  just  resolved  in  Figure  10a.  The 
variations  in  apparent  signal  width  with  relative  signal  strength  is  attributable  to  inlorteience  between 
the  two  targets  and  to  a slight  variation  In  the  delay  due  to  the  electrical  length  of  the  pads  used  to 
achieve  the  relative  attenuation. 


AVAILABLE  DYNAMIC  HANOI 

The  available  signal  dynamic  range  of  the  RAC  is,  in  principle,  limited  at  one  extreme  by  the  non- 
linearities  in  the  surface  wave  propagat ion  and  at  the  other  extreme  by  the  thermal  noise  level.  In 
practice,  in  the  devices  considered  here,  the  maximum  input  power  is  set  by  breakdown  ol  the  input  trans- 
ducer so  that  the  device  cannot  be  operated  safely  in  t hi*  non-linear  region.  experimental  evidence  indi- 
cates that  the  input  power  threshold  tor  breakdown  to  occur  is  somewhere  in  the  range  Mb  dBm  to  -+2b  dBm. 

Figure  11  lists  the  parameters  that  dictate  the  dynamic  range  performance  ot  the  ARWBC  receiver.  The 
driver  amplitler  saturation  level  must  be  at  least  10  dB  greater  than  the  maximum  expected  signal  in  order 
to  ensure  amplifier  linearity  over  the  entire  range  of  signal  strengths.  For  the  amplifier  in  question 
the  saturation  level  is  +32  dBm.  1 n addition,  it  the  driver  amplifier  is  inadvertently  driven  into  satura- 
t ion,  due  either  to  a radar  return  from  a nearby  target  or  to  arbitrary  interference,  the  resulting  input 
to  the  RAC  must  not  exceed  the  maximum  safe  value  (Mb  dBm).  This  requires  a total  ot  In  dB  ot  padding 
between  t he  driver  amplifier  and  the  RAC. 

lhc  ARWBC  receiver  gain  is  distributed  in  such  a way  that  the  system  thermal  noise  after  passing 
through  tin  RAC  is  about  10  dB  greater  than  the  post -arapl 1 t ier  noise. 


With  the  parameters  shown  in  Figure  11  the  available  system  dynamic  range  is  approximately  S4  dB. 

About  dB  improvement  is  obtainable  with  Units  47**  and  477  due  to  their  lower  insertion  loss. 

Figure  12  shows  the  deviation  from  linearity  versus  input  acoustic  power  density  tor  surface  waves  on 
Y-2  lithium  niohate.  The  correspond ing  input  power  to  the  medium  is  also  shown,  assuming  a transduce!  con- 
version loss  ot  lb  dB.  It  is  seen  that  even  at  the  maximum  permitted  input  power  to  the  RAC  o!  1 1»  dBm  the 
acoustic  power  level  is  Below  the  non-linear  regime. 

1VWI K HAND! INC  CAPABILITY  OK  KAC  DFVICFS 

The  maximum  permissible  power  that  may  he  applied  to  the  RAC  devices  has  not  been  estabii  died  quanti- 
tatively, since  an  insufficient  number  of  devices  have  been  fabricated  to  permit  power  testing  under  the 
conditions  that  pertain  to  the  present  appl  icat  ion . However,  several  l housami  hours  of  reliable  operation 
over  almost  four  years  have  been  accumulated  with  RAC  devices  under  the  conditions  indicated  in  Figure  11. 

Experiments  to  increase  the  dynamic  range  by  reducing  the  padding  ahead  ol  the  RAC  bv  10  dB  resulted 
in  catastrophic  failure  of  two  devices,  as  exhibited  by  a large  increase  in  insertion  loss.  Microscopic 
examination  of  the  detective  units  revealed  extensive  damage  to  the  input  transducer  due  to  excess  power. 

The  requirements  dictated  by  the  Al.COR  WB  waveform  have  resulted  in  a device  that  is  sc.isitlve  to 
power  in  a manner  that  is  not  characteristic  of  most  surface  wave  devices.  Generally,  SAW  devices  can  be 
driven  well  into  the  non-linear  region  without  any  adverse  effects.  In  order  to  achieve  the  operat ing 
bandwidth  at  the  high  center  frequency  of  l GHz  the  interd ig Ital  transducer  design  utilizes  very  tew 
electrodes  (five)  and  an  electrode  spacing  of  only  0.8  micron,  causing  the  transducer  to  break  down  at 
a power  level  below  the  value  where  the  transition  to  non-linear  operat ion  occurs. 

The  current  densities  on  the  transducer  electrodes  are  extremely  high.  Assuming  that  transduce! 
failure  occurred  under  conditions  of  driver  amplifier  saturation,  with  10  dB  of  padding  removed  from  t lie 
RAG  input  the  incident  power  level  was  +2b  dBm.  Making  the  further  assumpt fou  that  the  transducet  input 
Impedance  Is  capac  l tat i ve , the  typical  capacitance  being  2 pi,  the  correspond ing  peak  current  density  at 
the  hottest  spot  on  the  transducer  electrode  was  on  the  order  of  10”  amps/cm*.  No  other  RAG  failures 
occurred  after  restoring  sufficient  padding  to  ensure  that  the  incident  power  at  the  RAG  could  not  exceed 
Mb  dBm  in  the  event  of  driver  amplifier  saturation. 

RKl. I ABI  LITY 

The  statistical  sample  of  RAG  devices  is  far  too  small  for  any  reliability  analysis.  However,  the 
evidence  is  that  the  RAG  has  good  reliability  when  operated  at  conservative  power  levels.  Two  devices 

developed  intermittent  connections  on  the  input  microstrip  line  and  unrelated  to  the  RAG  itself.  These 
units  operated  normally  after  resoldering. 

The  initial  batch  of  RAG's,  unit  No's  340,  381,  and  181,  were  furnished  in  unsealed  packages,  later 
devices  were  supplied  in  sealed  housings  that  had  been  evacuated  and  back-filled  with  drv  nitrogen.  No 
det er iorat ion  in  RAG  performance  with  time  could  be  attributed  to  the  unsealed  conf igurat ton. 
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CONCLUSIONS 


Reflective  Array  Compressors  have  operated  successfully  In  the  ALCOR  radar  as  matched  filters  to  the 
high  resolution  waveform,  providing  a dual  polarization  all  range  detection  capability  for  targets  appear- 
ing at  any  arbitrary  range  within  the  pulse  repetition  Interval  and  with  range  separations  between  targets 
as  small  as  4 nanoseconds.  After  Initial  installation  into  the  system,  the  RAC’s  themselves  require  no 
additional  calibration  or  real  igiunent . 


Installation  of  RAC  devices  in  the  ALCOR  All  Range  Wideband  Channel  has  brought  about  a very  signifi- 
cant savings  in  equipment  and  the  flexibility  of  simultaneous  dual  polarization  operation.  In  addition, 
the  matched  filter  has  enabled  an  all-range  wideband  display  to  be  constructed  that  has  proven  to  be  ex- 
tremely useful  as  an  acquisition  aid  for  the  ALCOR  WB  tracker. 
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Fig.  1 ALC'OR  receiver  configuration. 
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big’  Illustration  of  equivalent  receiver  hardware  for  the  ALCOR  all  range  wideband  channel  using  either  relleetive 
array  compressors  or  the  band-partitioned  receiver  approach.  Insert  shows  (a)  the  RAC  assembly  lor  a single  receiver 
channel,  (b)  two  I band  RAC  assemblies  in  separate  thermostatted  ovens  for  a two  channel,  dual  polarization 
receiver,  let  two  rack-mounted  solid  state  band-partitioned  receivers,  each  comprising  .f  ’ subchannels,  operating  at  an 
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) Amplitude  response  Cor  four  reflective  ;irm>  pulse  compressors. 
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f ig. 7(h)  Compensated  phase  response  for  four  reflective  array  pulse  compressors 


Fig  10  ARWBl'  response  to  a simulated  pair  of  closely  spaced  targets  t able  delat  between  targets  in  . 
seconds  In  la).  (b).  and  (c).  the  relative  trailing  target  amplitude  is  0,  10,  and  20  dB  respective!)  In 

the  relative  leading  target  amplitude  is  10  and  20  dB  respectively 
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Fig.  I I Dynamic  range  parameters  for  reflective  array  compressor  in  ALC'OR  all-range  wideband  channel 
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A NOVF.l.  SIGNAL  INTEGRATOR  US  INC  CCDs 

C.P.  Traynar,  P.C.T.  Roberts,  R.C.  Taylor,*  .T.D.E.  Reynon,  C.C.  Rlnodwot th. 
University  of  Southampton, 

Southampton, 

England . 

* R.C.  Taylor  is  with  Admiralty  Surface  Weapons  Establishment,  Portsmouth,  England. 

SUMMARY 


The  implementation  of  two  types  of  CCD  signal  integrator  using  non-recursive  and  recursive  integiation  iu 
described.  In  order  to  minimize  the  effects  of  transfer  inefficiency,  a parallel  transfer  scheme  is 
employed  in  which  information  is  sequentially  gated  into  storage  areas  with  an  on-chip  tapped  CCD  register. 
Test  devices  are  described  that  were  used  to  investigate  the  proposed  implementations  and,  in  particular, 
the  on-chip  addressing  scheme.  The  results  presented  here  demonstrate  the  feasibility  of  the  techniques 
and  also  show  good  agreement  with  the  predicted  performance. 

The  data  obtained  from  the  test  devices  enabled  a modified  integrator  to  be  designed,  incorporating 
several  improvements  which  are  also  described. 

1.  INTRODUCTION 

The  usetulness  of  recursive  signal  integrators  to  obtain  signal-to-noi se  improvements  in  periodic  signals, 
in  particular  radar  returns,  has  long  been  recognized.  Charge  transfer  devices  (CTD)  have  recently  been 
used  (Roberts  et  al,  1974)  to  implement  the  delay  element  of  such  systems  since  they  offer  considerable 
advantages  over  alternative  techniques  which  have  tended  to  he  bulky,  expensive  and  of  limited  versatility. 
Unfortunately , however,  the  signal/noise  improvement  which  can  he  obtained  using  an  integrator  employing 
a CTD  in  the  "conventional"  (i.e.  serial)  way  is  limited  by  the  build-up  of  signal  residuals  caused  by 
transfer  inefficiency  (Chowaniec  et  al,  1975).  For  example,  a recursive  CCD  integrator  of  100  bits 
designed  to  sum  an  effective  sample  size  of  10  exhibits  a signal-to-residual  level  of  « 35dR  if  the 
transfer  inefficiency  is  2 x 10”*  per  bit,  a state-of-the-art  figure  for  a buried  channel  CCD.  In  a serial 
system,  however,  most  of  the  transfers  that  the  charge  packet  undergoes  do  not  contribute  to  the  signal 
processing  function  as  such.  If  these  "redundant"  transfers  could  be  eliminated  then  a considerable 
improvement  in  performance  could  be  achieved;  e.g.  for  the  example  quoted  above  the  signal-to-res idual 
ratio  would  become  75dB.  We  have  designed  a novel  scheme  in  order  to  realize  this  better  performance  in 
which  a parallel  transfer  CCD  implementation  is  adopted  (Traynar  et  al,  1977a).*  Two  basic  types  of  radar 
video  integrators  are  described  in  this  paper;  one  uses  non-recursive  integration  in  which  the  last  rn* 
radar  returns  are  summed  with  equal  weighting,  the  other  uses  recursive  integration  in  which  the  radar 
returns  are  summed  with  exponential  weighting. 

The  operation  of  the  non-recursive  integrator  is  illustrated  in  figure  1(a).  Each  radar  range  bin  is 
implemented  in  the  form  of  a tapped  Whit  CCD  terminated  with  a drain  diffusion.  Successive  returns  are 
loaded  into  the  CCDs  by  sequentially  operating  the  analogue  gates  C| , G2»  C3  ...  l'N.  Thus, at  any  instant, 
each  CCD  contains  the  last  m echoes  from  one  particular  range  bin.  Since  each  CCD  has  all  its  taps 
connected  together,  integration  over  the  m samples  is  achieved;  this  signal  is  then  gated  to  the  output 
through  gates  Cj",  C2^»  •••  C.^.  Although  the  number  of  radar  returns  summed  in  this  scheme  is 

essentially  fixed  by  the  chip  artwork,  a limited  degree  of  choice  could  he  provided  by  segmenting  the 
summing  bus  bars  with  MOST  couplings.  In  the  recursive  system  (illustrated  in  figure  1(h)),  the  returns 
are  similarly  gated  sequentially  into  each  range  bin  storage  well.  Summation  in  this  case,  however,  is 
achieved  in  the  manner  used  in  conventional  recursive  integrators  except  that  each  range  bin  is  processed 
ind ividual ly.  This  technique  allows  an  arbitrarily  large  number  of  returns  to  he  summed  (albeit  with 
exponential  weighting),  and  under  certain  circumstances  enables  a larger  signal-to-noise  improvement  to  he 
achieved  than  is  possible  with  the  non-recursive  system. 

In  both  integrators  each  radar  return  undergoes  a minimal  number  of  CCD  transfers  (two  per  processing 
step  in  a 2 -phase  system)  and  so  residuals  caused  by  transfer  inefficiency  are  maintained  at  a very  low 
level.  The  parallel  input  and  output  organization  also  allows  the  number  of  range  bins  in  the  total 
system  to  he  increased  as  desired,  without  degrading  the  performance,  simply  by  cascading  the  requisite 
number  of  devices  together. 

It  will  he  readily  appreciated  that,  in  order  to  realize  the  systems  described  above,  an  on-chip  addressing 
technique  is  essential  to  minimize  the  number  of  external  connections.  We  have  implemented  such  a system 
by  means  of  a "range  gate  register"  (RCR),  which  comprises  a f loat ing-gate-tapped , two-phase  CCD.  This 
device  is  operated  as  a digital  shift  register  and  is  loaded  with  a single  full  charge  packet  to  represent 
a * 1 * . As  the  charge  packet  is  shifted  past  each  tapping  point,  an  address  pulse  is  gt-nerated  which 
operates  the  analogue  gates  depicted  in  figures  1(a)  and  1(h).  In  order  that  chip  complexity  is  not 
increased  hv  the  inclusion  of  MOS  or  resistive  biassing  for  each  of  the  individual  floating-gates 


* Although  a parallel  architecture  has  been  described  by  Tiemann  et  al  (1974),  they  used  MOS  shift 
registers  designed  to  operate  at  up  to  4MHz  to  store  information  samples  sequentially  in  an  array  of 
surface  charge  transistors  (SCT)  storage  sites.  The  use  of  CCD  structures  for  the  switching  and  storage 
elements  has  the  potential  advantage  of  higher  operating  speeds  and  less,  chip  complexity  for  the  same 
system  function. 
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(MacLennau  et  al,  1975),  a novel  scheme  is  employed  in  which  each  Kate  is  allowed  to  float  completely,  any 
loading  being  purely  capacitive.  As  a result,  the  f loat ing-gates  acquire  their  bias  voltage  by  virtue  ot 
the  lateral  leakage  of  charge  along  the  oxide  from  the  adjacent  switched  electrodes.  Unlike  capacitive 
biassing  structures  fabricated  with  multilevel  processes  (Wen,  1974),  capacitive  loading  is  minimized  and 
so  large  f loat ing"g »te  potential  swings  can  be  achieved  which  can  drive  the  analogue  gates  directly  without 
intermediate  ampli f ication. 

2.  THE  NON-RKCURSIVF  SCHEME  - TKST  CHIP 


Several  implementations  of  the  non-recurai ve  integrator  have  been  considered,  using  either  voltage  or 
current  tapping  methods  in  conjunction  with  external  or  on-chip  clocking  of  the  range  bin  CCDs;  the 
combinations  which  minimize  chip  size  and  complexity  appear  to  be  those  which  employ 

(i)  current  sensing  of  the  range  bin  CCDs  with  a clocking  pulse  derived  from  the  RCR,  and 

(ii)  voltage  sensing  of  the  range  bin  CCDs  and  off-chip  clocking  triggered  by  the  address  bit  arriving 
at  the  end  of  the  RCR. 


Since  both  the  sensing  methods  considered  involve  non-linearities  due  to  depletion  capacitance,  it  was 
decided  to  fabricate  a simple  test  chip  in  the  form  of  a 50  bit  two-phase  CCD  in  which  these  non-linearities 
could  be  investigated.  In  addition,  the  feasibility  of  using  the  simplified  floating-gate  biassing  scheme 
discussed  in  the  last  section  for  the  range  bin  CCDs  could  also  he  determined.  The  device  was  designed 
to  have  total  gate  lengths  of  14i»m,  consisting  of  a 4pm  thick  oxide  and  a 10pm  thin  oxide  part.  In  order 
that  the  f loat ing-ga^e  voltage  sensing  mode  could  he  investigated  thoroughly,  the  tloating  electrodes  were 
connected  directly  to  an  on-chip  MOST  with  an  external  MOST  load;  this  not  only  minimized  the  capacitive 
loading  on  the  floating  electrodes  but  also  allowed  this  parameter  to  he  accurately  determined  for 
subsequent  computer  analysis.  A photomicrograph  of  the  complete  device  is  shown  in  figure  2. 


Since  very  little  work  has  been  done  on  the  effects  of  depletion  capacitance  induced  distortion  in  floating" 
gate  sensing  structures,  it  was  decided  to  carry  out  a detailed  analysis  of  this  effect  using  a charge 
balance  model.  This  work  has  been  described  in  detail  elsewhere  (Traynar  et  al,  1977b)  and  only  the  final 
result  will  be  quoted  here.  For  a floating-gate  structure  containing  N identical  electrodes  of  area  A 
under  which  signal  charges  Qsi»  Qs2»  Qs3  * * • QSN  are  simultaneously  injected,  the  final  floating-gate 
potential  V g(^)  may  be  evaluated  using  the  following  equation 
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Nj  is  the  substrate  doping  density 

q is  the  electronic  charge 

rs  is  the  dielectric  constant  of  silicon 


...  1 


Cqx  is  the  gate  oxide  capacitance  per  unit  area 


and  Cs  is  the  constant  stray  loading  capacitance. 

For  N > 1,  this  equation  must  be  solved  iteratively  to  obtain  Vg(Q)  and  we  have  developed  a computer  program 
in  which  all  types  of  CCD  structure  (including  split-weight  tapped,  transversal  filters)  mav  he  evaluated. 
For  the  stepped  oxide  two-phase  structure  under  consideration  in  this  paper,  equation  1 may  be  easily 
modified  to  include  the  loading  effects  of  the  thick  oxide  portion  of  each  phase  gate  simply  by  including 
more  "gates"  in  the  nnxlel  of  the  structure;  no  charge  is  stored  of  course  under  the  thick  oxide  portions 
of  the  structure  - for  computat ional  purposes  these  parts  of  the  electrodes  merely  increase  the  loading 
capacitance.  It  is  not  difficult  to  make  reasonable  estimates  of  all  the  parameters  in  equation  1,  with 
the  exception  of  the  stray  capacitance  Cs.  By  using  the  MOS  buffer  amplifier  mentioned  previously  it  was 
possible  to  measure  the  floating-gate  potential  without  external  loading;  therefore  an  accurate 
experimental  determination  of  C_  was  achieved.  In  this  way  an  analysis  of  the  test  structure  was  carried 
out  the  results  of  which  are  shown  in  figure  3. 


Experimental  measurements  were  performed  on  the  test  device  using  an  HP310A  wave  analyser  buffered  by  a 
Brookdeal  Precision  AC  Amplifier  type  425.  The  linearity  of  this  amplifier  is  quoted  as  0.0017  and  it  had 
an  observed  noise  level  of  at  least  70dB  be  1 ow  the  fundamental  signal  component  with  the  input  short- 
circuited.  The  input  signal  was  connected  to  the  input  gate  via  a simple  RC  level  shifting  network.  With 


s f,  l 


i lv  pk-pk  IkHz  signal  at  the  input  gate,  tin-  harmonic  components  at  this  node  wen*  less  than  60dN  below 
the  fundamental.  The  distortion  introduced  by  the  gated  charge  detector  was  1 ound  to  be  negligible  and  m' 
the  linearity  of  the  charge  injection  scheme  could  be  optimised  by  adjusting  the  bias  on  the  input  gate 
t o cive  the  lowest  harmonic  content  at  the  l‘CD  output.  This  resulted  in  the  harmonit  components  generated 
at  the  input  being  less  than  5(VIB  below  the  1 und ament  a l . Also,  harmonics  generated  bv  the  floating  gate 
sense  amplifier  were  less  than  60dB,  and  s.«  we  telt  justified  in  interpreting  the  experimental  results  as 
being  direct  measurements  of  the  floating  gate  non-linearity.  These  measurements  over  an  input  signal 
range  up  to  0.05  times  the  clock  f requeue  • of  200kllz  are  also  plotted  in  f igure  1.  If  can  he  seen  that 

It  the  model  gives  a very  close  fit  to  the  measured  response,  leading  us  to  feel  confident  that  we  can 

ivasonably  ai  -urate ly  predict  the  linear itv  of  a complete  non -recursive  system. 

t . Kc K_  AND  Rl'iTRS  1VF  1NTK»  1RAT0K  TKST  CHIP 

It  has  been  indicated  that  successful  operation  ot  the  RCR  is  essential  to  both  the  parallel  transfer 
integration  schemes  described  in  this  paper.  In  order  to  test  this  facility  and  its  ability  to  interface* 

(.  *rrectlv  with  the  analogue  gates,  a recursive  integrator  test  chip  was  designed  using  the  analytical 

techniques  described  earlier  (i.e.  using  equation  l),  containing  a bit  RCR  and  three  storage  sites.  A 
schematic  diagram  of  this  device  is  shown  in  figure  « and  it  can  be  seen  that  one  RCR  performs  both  the 
input  and  output  gating;  this  feature  is  desirable  since  it  obviates  the  need  for  a separate  output  KCK 
and  so  considerably  reduces  active  chip  area.  Although  it  is  proposed  that  the  RCR  should  drive  each 
analogue  gate  separately,  MOS  buffers  were  included  in  this  prototype  chip,  thus  enabling  the  h»w  speed 
pe r t o nuance  of  the  RCR  to  be  evaluated  without  excessive  loading  effects.  (Subsequent  designs  will 
feature  exclusive!  - CCD  structures,  thus  enabling  relatively  high  speed  operation  (lOMNz)  and  hi  eh  packing 
density  to  be  achieved.) 

simplify  intplementa  t i on  of  the  analogue  gates,  which  must  operate  effectively  at  up  to  10MHz  data  rate, 
each  storage  site  and  associated  input  and  output  gates  are  realized  in  the  form  of  a single  bit,  two- 
phase  CCD.  This  structure  (shown  in  figure  5)  is  operated  in  the  lj  phase  mode  using  the  same  clock 
pulse  that  is  used  to  drive  the  RCR.  The  input  analogue  gate  is  simply  the  input  section  ot  this  CCD 
structure,  comprising  electrodes  Oi,  J f * and  Cy.  Charge  injected  bv  this  method  has  demonstrated  a high 

signal  voltage  to-charge  packet  size  linearity  (Haken,  1975).  Output  gating  is  accomplished  bv  pulsing 
f'  am!  thus  transferring  the  signal  charge  stored  beneath  C>  to  the  output  sense  diode. 

Operation  of  the  integrator  is  as  follows:  Consider  an  address  pulse  from  the  jth  position  of  the  RCR  and 
buffer  arriving  at  the  0 * ' electrode.  Signal  charge  previously  stored  in  the  0?  well  will  1 low  onto  the 
' output  diode  (which  is  connected  in  parallel  with  all  othei  output  diodes  on  the  chip  such  that  the  total 

« apacitance  at  this  node  does  not  exceed'w5pK)  (see  figure  5(a)).  When  the  next  clock  pulse  drives  the  RCR 
signal  charge  representing  the  * l * tv*  the  next  tap  position,  0 j 1 will  turn  ot  t . Simultaneously,  all 
■ electrodes  are  pulsed  so  that  their  wells  are  deep  enoug  to  accept  charge  from  their  adjacent  input 

diffusions  (figure  5(b)).  During  the  'N  period  of  the  clock,  the  signal  voltage  on  the  output  diode  is 
- imp led  and  the  diode  is  reset  to  a reference  level.  As  the  clock  goes  off,  the  * l * in  the  RCR  is  shitted 
along  to  the  next  bit,  causing  + ^ to  pulse  on.  Since  the  well  is  now  in  the  "supply"  position,  the 
well  formed  beneath  the  gate  • will  'ill  with  charge  propor t i ona 1 to  the  new  signal  voltage  V- 
i figure  '(c)).  t>n  the  next  clock  cycle  this  signal  charge  is  isolated  in  the  ih  well  (figure  5(d));  thus 
within  two  cl  »ck  periods,  a given  storage  site  can  be  accessed  and  updated.  A photomi crograph  ot  the  test 
chip  can  be  seen  in  figure  h . To  reduce  chip  complexity  in  this  test  device  no  sample /ho  Id  circuitry  was 
included.  The  shadow  gap  technology  (Baker,  1^7  1)  invented  and  developed  here,  was  used  to  fabricate  the 
sub-micron  separations  between  the  CCD  electrodes;  this  also  ensures  a minimum  gate  to-gate  capacitance 
unlike  most  other  structures  and  gives  onlv  a small  clock  pulse  breakthrough  t o the  0 » t 1 out  mg- gat es . 
Although  the  device  is  basically  a two  phase  CCD  structure,  the  three-phase  (2  level  metallization) 
shauowing  technique  was  employed  to  detine  the  split  gate  Cq  and  lh  l'f  figure  S.  This  process  has  the 
: itther  significant  advantage  that  small  feature  dimensions  can  be  readily  achieved  without  special 
alignment  procedures.  In  particular,  the  gate  C.  is  onlv  -nun  long  and, together  with  its  interconnect  ion 
truck,  it  is  defined  completely  with  the  shadow  technique.  The  aluminium  was  evaporated  by  e lee tron -beam 
f i n a carbon  crucible  which,  after  low  temperature  H>  annealing,  gave  verv  uniform  turn  . n voltages  over 
\ complete  2"  water  ot  < 100  s oriented  material  (typical  values  are  2v  * 0.2v  for  thin  oxides  of  1 200 
and  6v  * 0.5v  for  thick  oxides  of  5000  a). 

’lie  dyn.imic  opet.it  ion  of  the  RCR  is  shown  in  figure  the  input  pulse  is  shown  at  the  top  ot  the 
photograph  and  the  tout  inverter  outputs  beneath.  It  can  be  seen  that  the  input  pulse  is  delayed  bv  the 
expropriate  number  t clock  cycles  at  each  inverter  output.  Overlooking  the  small  trailing  charge  (which 
| will  !>.*  discussed  l.iter),  there  is  a variation  in  pulse  amplitude  due  to  a variation  in  the  gains  of  the 

inverters  from  1.4  t>  . The  variation  is  itt  excess  o t that  expected  due  to  over  etching,  threshold 
variations,  etc  and  i ••  somewhat  anomalous  in  that,on  all  of  the  devices  tested,  the  gain  decreased  from 
tight  to  left  in  the  photomicrograph  of  figure  t> . The  cause  of  this  effect  lias  yet  to  be  established. 

: 1 he  small  amount  of  trailing  charge  shown  in  figure  7 is  t lie  result  of  exaggerated  transfer  inefficiency 

tused  bv  the  operating  mode  ot  the  RCR.  It  tfie  charge  packet  representing  the  M'  is  increased,  the  effect 
becomes  more  marked,  figure  S;  it  can  be  seen  t.’  be  not  a true  transfer  inefficiency  effect,  since  a thiyd 
trailing  charge  does  not  appeal . The  effect  is  in  fact  due  to  the  structure  ot  the  floating  gate  tap  whjch, 
it  will  be  recalled,  is  simply  a thick  thin  oxide  phase  gate.  The  tailing  potential  of  the  tloating  gate  in 
response  to  the  charge  packet  tilling  t he  thin  oxide  storage  section  eventually  blocks  the  tilling  process 
and  gives  rise  to  a bucket  brigade  tvpe  (i.e.  incomplete)  transfer  mode  with  large  amplitude  trailing 
packets.  I!  it  is  desired  that  the  maximum  size  charge  packet  is  transferred  along  the  RCR,  this  effect 
\ can  be  mitigated  by  either  completely  collapsing  the  wells,  or  bv  employing  a split  f loaf ing-gate 

' structure  a-  described  in  t fie  next  section. 
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The  transfer  response  of  each  floating-gate  was  measured  by  transferring  a string  of  variable  sired  charge 
packets  along  the  RCR  and  subsequently  characterizing  the  inverters.  Experimental  results  are  sfiown  in 
figure  4 and, as  can  be  seen,  good  agreement  between  the  measured  and  theoretically  predicted  values  exists. 

These  initial  results  clearly  indicate  that  an  on-chip  addressing  scheme  employing  a tapped  (VI)  is 
feasible,  and  further,  in  view  of  the  tact  that  large  address  pulses  can  be  obtained,  that  direct 
connection  to  the  analogue  gates  is  possible. 

Unfortunately,  in  spite  of  the  -uccess  achieved  with  the  operation  of  the  RCR  on  those  devices  studied, 
the  rest  of  the  chip  could  not  be  operated  as  a recursive  integrator  due  to  parasitic  transistor  action 
occurring  between  the  bus  lines  to  the  storage  sites.  However,  since  these  untested  functions  employ 
conventional  CCD  techniques,  rathet  than  correct  the  fault  we  proceeded  with  the  design  of  another  layout 
which  incorporated  a number  of  improvements  which  are  described  below. 

TUT  IMPROVED  RECTUS 1VV  INTEGRATOR 

The  structure  of  the  recursive  integrator  described  in  section  1 above  was  modified  in  the  following  wavs. 

(a)  The  Ri  R tap  electrodes  are  split  using  a three-phase,  aluminium  shadow-gap  shown  in  the  electron 
micrograph  of  figure lO,  with  the  thick  oxide  section  set  to  a fixed  bias.  This  permits  a greater  fall  in 
floating  gate  potential  before  incomplete  transfer  occurs  and  also  give?  better  electrostatic  screening 
from  the  clock  pulses. 

lb)  The  RCR  f 1 oat  i ng  gat e taps  are  connected  directly  to  the  storage  site  input  and  output  gates,  as 

shown  in  figure  11.  This  eliminates  the  MOST  buffer  amplifiers  and  also  eliminates  the  need  for  a ff)j 
connection  to  the  storage  sites.  The  tfbjJ  electrode  in  this  arrangement  delivers  a supply  of  charge  onlv 

once  per  sweep  of  the  radar  aerial,  thereby  removing  the  need  t or  the  split  gate  Cj  required  in  the  previous 

implement  at  ion . 

(c)  The  RCR  taps  alternately  feed  eight  storage  sites  distributed  equally  either  side  ot  the  RCR.  The 

lower  set  of  storage  sites  have  adjacent  input  and  output  diodes  connected  directly  to  each  other,  and 
subsequently  to  a reset  transistor  and  input  gate  of  an  MOST  inverter.  The  upper  storage  sites  retain 
separated  input  and  sense  diodes  but,  in  this  instance,  the  output  gate  is  biased  bv  direct  connection  tv' 
the  output  diode.  A combination  of  these  two  conf igurat ions  could  greatly  increase  packing  density  it 

they  were  adopted  in  a final  design;  i.e.  the  input  and  output  diodes  could  be  combined  as  a single 

diffusion  and  the  need  for  two  bus  lines  to  bias  the  input  diodes  and  output  gates  would  be  eliminated. 

With  two  sets  ot  storage  sites  as  described  above,  the  compat ibi 1 i ty  of  these  various  implementations 

can  be  evaluated. 

(d)  Because  of  the  operation  of  the  storage  sites  directly  from  the  RCR  floating-gates,  it  is 
unnecessary  to  have  a sample/hold  circuit  in  the  feedback  loop  to  the  analogue  input  gates.  Instead,  the 
output  of  charge  from  the  jth  storage  site  occurs  with  the  same  f 1 RCR  pulse  that  is  used  to  prime  the 
input  gate  of  that  site.  This  means  that  updating  of  the  charge  stored  is  achieved  within  one  cycle  of  the 
external  clock  voltage. 

(e)  The  RCR  input  section  includes  a two-phase  input  gate  to  give  accurate  control  of  the  size  ot  the 
charge  packet  circulated  in  the  RCR.  The  output  section  contains  two  types  of  detector.  The  first  is 

a novel  sample/hold  circuit  consisting  of  a t loat ing-gate  sense  tap  biased  with  a very  high  impedance  load 
MOST  and  feeding  a signal  voltage  through  a triple-gate,  sampling  MOST  switch  to  a simple  inverter  buffer. 
The  second  detector  is  a sense  diode,  connected  on-chip  to  the  final  two-phase  gate,  to  he  used  with  either 
a simple  resistor  load  or  a charge  sensitive  amplifier.  These  facilities  permit  more  detailed  measurements 
ot  the  performance  of  the  RCR  and  easier  stacking  of  chips  with  a "Refresh"  function  tor  the  digital  RCR 
word.  These  design  improvements  not  only  reduce  the  number  of  switching  waveforms  from  three  It^j, 
^sample/hold*  Preset)  to  two  ^resot ),  t hereby  reducing  the  power  consumption  of  the  driving  circuitry, 

but  also  increase  the  packing  density  bv  a factor  three.  A photomicrograph  of  the  complete  chip  measuring 
1.2S  x l.?Smnr,  is  shown  in  figure  12(a).  A closer  view  of  the  upper  storage  site  is  shown  in  figure  12(h) 
and  ot  the  lower  storage  site  in  figure  12(c). 

5.  CONCLUSIONS 

The  work  carried  out  s o far  on  the  devices  described  here  demonstrates  the  feasibility  of  CCD  parallel 
transfer  structures.  In  addition,  the  operation  of  the  RCR  on  the  recursive  test  device  has  shown  the 
feasibility  of  on-chip  addressing  using  a tapped  CCD;  this  approach  has  significant  advantages  ovei 
alternative  techniques  which  are  generally  slower  and  more  complex. 

The  RCR  has  proved  to  he  quite  stable  under  laboratory  conditions;  any  tendency  towards  instability  could 
be  diminished,  however,  bv  a process  modification  that  would  increase  the  DC  coupling  between  electrodes. 
This  would  reduce  the  effects  of  gate  to  substrate  leakage  and  changes  in  ambient  humidity  on  the  floating 
gate  bias  potential.  Measurements  on  the  second  recursive  integrator  tost  device  are  at  present  in  piogress 
and  results  are  encouraging;  it  is  proposed  that  t he  construction  of  a complete  declut feting  subsystem  will 
shortly  he  commenced  using  these  test  devices.  This  will  allow  the  overall  performance  of  the  system  t o 
be  evaluated  t or  signals  buried  in  various  noise  densities  and  to  determine  the  effects  of  fixed  pattern 
noise  on  the  integrated  signal.  The  applicability  ot  this  type  ot  signal  integrator  (and  delay  line)  to 
other  systems  is  also  being  investigated. 


This  work  has  been  carried  out  with  the  support  of  the  Procurement  Executive,  Ministry  of  Defence,  and  is 
the  subject  of  D.K.  Patent  Application  no:  47 349/7 S and  D.S.  Patent  Application  no:  742182. 
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Figure  1(a)  Parallel  implementation  of  the  non-recursive  integrator. 


Figure  1(b) 


Parallel  implementation  of  the  recursive  integrator 
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Figure  4 A schematic  diagram  of  the  chip  used  to  investigate  the  performance  of  the  RGR  and  its 

ability  to  interface  correctly  with  the  storage  sites.  The  sample/hold , scaling  and 
summing  operations  are  carried  out  off-chip. 


Figure  5 A cross-sectional  view  of  each  storage  site  showing  its  operation  and  the  relevant 

clocking  waveforms. 


Figure  ** 


The  transfer  response  of  a single  floating-gate  of  the  ROR  at  three  different  hi. is  levels 


FLOATING 
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Figure  10 


An  electron  micrograph  of  the  split  i Z'*  section  of  the  ROK.  The  thick  oxide  bias  portion 
can  he  seen  separated  from  the  thin  oxide  t loat ing-gat e tap  bv  v him. 


Figure  1-la'  A photomicrograph  ot  the  modified  recursive  in  teg 


Figure  12(b)  A detailed  view  of  the  upper  storage  sites  and  output 


Figure  12(c)  A detailed  view  of  the  lower  storage  sites  and  output 
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RESUME 

Pa ra 1 1 1 lumen t aux  developpements  technol og i ques  des  CCD  et  notamment  des  lignes  A retard,  une  etude 
prelim  mm  ire  a ete  conduite  sur  les  possibilites  et  1 imi tes  d'un  tilt  re  Mil  utilisant  des  CCD. 


Pour  cone ret i ser  les  resultats  obtenus,  le  STTA  a choisi  la  realisation  d'une  maquette  de  filtre  re- 
jecteur  de  clutter  utilisant  un  circuit  CCD  specialement  developpe  pour  cette  application,  et  devant  offrir 
les  inAmex  performances  que  le  filtre  numerique. 


La  conference  decrit  une  liqne  A retard  composee  de  deux  registries  de  S12  etages,  sa  mise  en  oeuvre 
et  ses  performances  en  etficacite  de  transfert,  1 ineari te , dynamique. 

On  presente  ensuite  l'etude  preliminaire  d'un  Mil  et  les  caracteristiques  du  filtre  desire,  les  per- 
formances  obtenues  avec  des  ligrtes  A retard  (EAR)  de  256  etages,  les  circuits  associes  A la  LAR  necessaires 
pour  .ompenser  les  Hmites  du  CCD,  les  probiemes  de  derive  en  temperature. 

INTRODUCTION 


Les  dtsposrtifs  a transfert  de  charge,  commandes  et  corrtroles  par  une  horloge,  offrent  la  souplesse, 
la  -tabilite  du  retard,  et  la  precision  en  temps  du  traitement  numerique.  Utilisant  une  dynamique  continue 
en  amplitude  tls  conservent  la  simplicite  de  fonctionnement  du  traitement  analogrque,  eliminent  les  probiemes 
Je  conversions  analogique-digitale  et  digitale-analogique,  et  offrent  les  avantages  de  taille,  poids  et  con- 
somnotion,  compares  aux  techniques  numeriques. 

L ' ut r 1 i sa t ion  de  ces  circuits  est  ainsi  envisagee  pour  de  nombreuses  applications  dans  le  domairte  du 
traitement  de  signal  radar. 

Afirr  d'evaluer  les  possibilites  reelles  de  ces  circuits  et  d'aboutir  A des  produits  utilisables,  des 
etudes  de  base  ont  ete  effectuees  depuis  plusieurs  annees  et  notannient  avec  le  soutien  de  l'Armee  de  l'Air 
pour  les  probiemes  d' entree-sortie  et  les  possibilites  de  ponderation. 

Pai al 1 element,  une  etude  preliminaire  sur  l'emploi  des  CCD  dans  un  filtrage  MTI  a pennis  d'en  cerner 
les  possibilites  et  les  1 imi tes , de  verifier  leur  compet i t i v i te  reelle  avec  les  circuits  numeriques  et 
d'envisager  la  realisation  d'un  MTI  perfornrant  utilisant  ces  circuits.  Les  lignes  a retard  (LAR)  existant 
en  France  de  128,  256,  512  etages,  notannient  le  circuit  THX  1105  de  256  etages  ont  permis  ces  premieres 
eva 1 ua  t ions . 


La  phase  d'etude  de  faisabilite  ayant  ete  depassee,  l'Annee  de  1 'Air  a choisi  un  exemple  de  traitement 
de  signal  radar  pour  concretiser  les  resultats  obtenus.  Ainsi  le  STTA  fait  dbvelopper  un  composant  particu- 
1 ier  jurre  ligne  A retard  de  2 x 512  etages  en  technologic  canal  N presentant  une  integration  de  circuits 
annexes  et  une  grande  reproduc ti bi 1 i te  de  caracteristiques)  qui  sera  1 'element  de  base  d'une  maquette  de 
filtre  lineatre  de  rejection  de  clutter  utilisant  des  circuits  analogiques  et  devant  presenter  des  perfor- 
mances identiques  A celles  d'un  filtre  numerique. 

C'est  cette  ligne  a retard  et  les  resultats  de  l'etude  preliminaire  du  filtre  MTI  qui  sont  presentes 
dans  cet  expose. 


DISiKIl'II.'N  l 1 2 ARAL  I ! R ST ! QUI  s D'UNE  l IGNJ_  A_  RETARD  "E_  TYPE  CCD  POUR  TRAITEMENT  DE  SIGNAL  RADAR 

1.1  - Liescription  d'une  ligne  A retard  CCD  de  2 x 512  elements 

Le  circuit  THX1112  se  compose  de  deux  registres  CCD  de  512  elements  chacun,  disposes  sur  une  puce  de 
silicium  de  dimensions,  3,7  \ 2,5  nm2. 

Les  deux  registres  sont  identiques  et  independants.  La  figure  I donne  une  representation  schematique 
du  dispositif.  Chacun  des  registres  comporte  : 

- Un  etage  d'entree  ou  le  signal  est  introduit  sous  forme  de  paquets  de  charges  grSce  A une  conversion 
tension-charge.  Cet  etage  se  compose  d'une  diode  injectrice  commandee  par  une  phase  21 , d'une  grille 
de  contrDle  G1  reliee  a un  potentiel  reference  et  d'une  grille  G2  sur  laquelle  est  appliquee  la  ten- 
sion signal.  Le  couplage  entre  Gl,  G2  est  realise  par  une  cone  diffusee. 

l 'injection  se  fait  selon  le  mode  equilibrage  des  potcntiels  qui  assure  une  bonne  1 ineari te  entre  la 
quantite  de  charge  introduite  et  la  tension  signal  (TOMPSETT,  M.F,  1976)  (SEQUIN,  C.H,  1975) 
i Me  CAlGhAn.  D.V,  1976). 

- la  partie  registre  CCD  proprement  dite  qui  se  compose  de  4 tron<;ons  de  128  etages  chacun  disposes 
en  serpentin.  Cette  disposition  permet  d'eviter  une  puce  de  trop  grande  longueur.  Le  pas  d'un  etage 
est  de  24  . L avance  des  charges  est  commandee  par  deux  signaux  en  opposition  de  phase  21  et  22 

- Un  etage  do  sortie  qui  apres  conversion  charge-tension  permet  d'obtenir  le  signal  retarde  sur  une 
faible  impedance. 

et  etage  le  sortie  se  compose  ,'  me  diode  collectrice  dont  le  potentiel  est  periodiquement  restaur# 
ar  un  ’ 't’S  de  precharge.  Le  potent i-  1 de  cette  diode  est  lu  par  un  T MOS  monte  en  source  suiveuse 
realisant  une  adaptation  d'impedance.  Le  parasite  d'horloge  est  attenue  par  un  echantil lonneur  et 
■■aintien  'onto  su>  le  "i2me  substr.it  le  signal  est  disponible  avant  et  apres  cet  echanti  1 lonneur 


* 


et  ma  i nt ien . 

I.  , ircuit.  est  realise  dans  une  technologic  MOS  double  grille  silicium  et  canal  N. 

In  montage  est  fait  dans  un  boltier  DUAL  IN  l.INl  16  passages.  La  figure  ? donne  une  microphotographie 

du  circuit 


1 . Mi  so  «n  oeuvre 

l.e  schema  de  mi  .e  en  oeuvre  pratique  des  deux  registres  ut  i I isGs  on  mode  multi)  lexG  est  donne  figure  3. 
.'eux  sources  d'a  I imentat  ions  V,,,,  et  V,.,,  soul  utilisOes.  les  autres  niveaux  Vgl  et  Vg.'  sont  genPres  A partir 

de  ces  deux  sources . 

l.t".  echunti I lonneurs  d'entree  de  chaque  registre,  coninandGs  I’un  par  pi  (registre  rt)  1' autre  par  p.’ 

(u -gist  tv  B)  rfalisent  1 ' ,t  i gu  i 1 1 a . ■ des  Gchantillons  sur  li>s  deux  voies  para  Holes.  En  sortie,  la  connexion 
des  points  SA  et  SB  perinet  une  bonne  rejection  des  signaux  d'horloge  et  realise  la  reconstruction  du  signal 
t|ui  it  rr.titue  ivet  une  frequence  d'Ochanlll  lonnaqe  .’  It 

La  prise  d' Ochanti 1 Ion  se  fait  sur  le  flanc  montant  du  signal  d'echantil lonnage  et  la  sortie  se  fail 
sur  le  niveau  bus  do  ce  mPme  signal,  ce  gui  donne  un  retard  exact  de  61?, b Tc  sur  chacune  des  voies. 

Les  conditions  de  fonctionnement  typiques  son!  donnees  ci-dessous  : 

V00 1 1?  A t 16  V - Vss - !>  V 

- Vgl t 3 V - Vg? 4,5  A 5.5  V 

Vg.’  est  la  composante  continue  du  signal  d'entree  gui  doit  A tie  ajustOe  pour  obtenir  la  meilleure 
condition  d' injection  amplitude  de  signal  maximale  pour  une  dis tors  ion  donneo. 


1.3  - Performances  obtenues  sur  un  registre  simple 

Les  caracteristiques  mesurGes  sur  un  registre  pour  une  frequence  d'horlogc  de  1 MHz  sont  rGsumees 

, ...  , . , , charge  perdue  A chaque  transfect  , ,„-4 

i .nel  t icactte  do  transfect  - W - , • ..10 

charge  transferee 

n . n . . Signal  maximal  en  "tie  pour  une  distorsion  harmpnique  0,6  '!.  , ... 

5'ign'aT  eq’aT  au  KruTl  mr'surtV  aVet  line  1 ai  getir  tie  liahtfe  tfe  T>  til/  ’ 1 

A Attenuation  entree  - sortie  : 9 dll. 


La  figure  4 ii lustre  la  distorsion  observer  en  sortie  par  le  re 1 eve  des  niveaux  d'harmoniquc  ? et  3 
par  rapport  au  niveau  du  signal,  en  fonction  de  la  composante  continue  sur  le  signal  d'entree  (Vg.’). 

Dans  une  plage  utile  pour  l'injection  do  l'ordre  du  volt,  l'liarmonigue  se  trouve  A 60  dll  et  le 
niveau  d'harmoniquc  3 se  trouve  10  dll  plus  has. 

L'Gvolutlon  des  performances  en  fonction  de  la  frequence  est  donnee  par  les  figures  6,  6,  7. 

La  figure  6 illustre  l'accroissement  de  1' inefficaci te  de  transfect  avec  la  frequence.  Pour  une  fre- 
quence d'horloge  de  10  M Hz.  on  observe  une  inefficacito  <)e  5. JO""  gui  devient  voisine  do  10"3  a ,'0  MHz. 

Cette  inef f icacite  rGduit  1 ’augmentation  de  la  barnle  passante  lorsque  la  frequence  d'horloge  fc  augment e. 

La  figure  6 donne  revolution  du  produit  retard  x bande  passante  avec  la  frequence  d'horloge.  La  valour 
IhCoriquc  de  .’66  est  att.einte  en  basso  frequence  (Pc  100  kHz)  ; on  obtient  un  produit  de  l'ordre  de  .’00 
A 1 MHz  et  100  A 10  MHz. 

La  figure  7 donne  I 'attenuation  d'un  signal  de  frequence  fc/?  (frequence  de  Nyguist)  par  rapport  A un 
signal  BE.  en  fonction  de  fc.  Cette  attenuation  est  do  3,6  dll  A 1 MHz  et  9 dll  A 10  MHz. 

fa  realisation  de  ce  dispositif  dans  une  technologic  de  transfect  en  volume  devrait  permettre  d'ame- 
I Hirer  sens iblcmont  les  performances  en  fonction  de  la  frequence. 

revolution  des  performances  de  dynamique  en  fonction  de  la  temperature  est  illustrCo  par  la  fiqure  8. 

Chaque  element  de  retard  est  le  siege  d'un  courant  thermique  lo  qui  double  environ  tons  les  10  dogrOs 
et  gui  apporte  une  charge  parasite  Qo  ■ lolc,  Tc  etant  la  pOriode  de  l'horloge.  AprGs  N transfects,  la  derive 
thermique  devient  NQO,  ce  qui  se  Iraduit  par  une  limitation  de  la  dynamique  variable  avec  la  temperature. 

fa  figure  8 donne  les  carac terist iques  do  transfect  obtenues  A fc  ■ I MHz  pour  deux  temperatures  (.’6 
et  70  C)  et  deux  valours  de  la  tension  reference  A I 'entree. 

On  relGvo  une  tension  d'offset  de  36  mV  entre  ?b  et  70  C,  ce  qui  se  traduit  par  une  reduction  rela- 
tive de  dynamique  de  l'ordre  de  1 dll. 

Le  temps  de  stationnement  du  signal  dans  la  ligne  etant  de  61?  ps,  A cotto  frequence,  on  en  deduit  un 
taux  d'offset  thermique  do  70  mV/ms  A 70  C. 

Infin  la  figure  9 donne  les  spectres  de  signal  de  sortie  obtenus  pour  deux  types  de  fonctionnement  : 
ligne  A retard  seulc  et  mode  multiplexG.  fa  frequence  d'horloge  est  de  6 MHz  et  le  signal  d'entree  A 1 MHz 

le  montage  utilise  est  celui  do  la  figure  3.  Dans  le  premier  cas,  la  sortie  est  faite  sur  le  point  SA 
■eul.  les  niveaux  d' Harmon ique  ? et  3 sont  infcrieurs  A 60  dB  et  la  bande  passante  maximale  est  de  ?,6  MHz. 

Dans  le  second  cas.  obtemi  en  reliant  SA  et  SB,  du  fait  d'lmc  leqi're  dissymetrie  entre  les  deux  regis- 
tres le  niveau  d'harmoniquc  ? e.l  A - 43  dll  ; la  rejection  do  la  frequence  image  autour  de  Ic  est  de  - 46  dll. 
la  bande  passante  maximale  est  aloes  de  6 MHz.  On  pent  noter  1 'affaihl issement  du  signal  d'horloge  supCrieur 
a 30  dB  du  fait  He  la  compensation  obtenue  en  couplant  SA  (parasitGC  par  pi)  et  SB  (i'Aras  1 the  par  P? ) . 
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2 - ETUDE  PRE  L I Ml  NA  IRE  D'UN  MTI  UTIL  ISANT  CETTE  UGNE  A RETARD 


2.1-  Rappels 

De  nos  jours,  en  aval  de  la  tAte  radar,  il  existe  deux  classes  distinctes  de  dispositifs  de  traitement 
numerique. 

- La  premiere  qui  effectue  1 'exploitation  des  donnAes  s'accomode  parfaitement  de  1 'organisation  des 
calculatrices  uni versel les . 

- La  deuxiAme  qui  effectue  le  filtrage  et  le  traitement  du  signal  requiert  gAnA ra 1 ement  des  calcula- 
trices spAcialisees  car  ces  unites  travaillant  en  temps  radar,  les  calculs  doivent  Atre  effectuAs 
en  un  temps  infArieur  au  quantum  distance  utilise.  Ces  dispositifs  sont  done  destinAs  a des  tSches 
necessitant  un  caicul  intensif  caractArisA  par  des  formu les  mathAmat iques  rApAtitives  portant  sur 
un  volume  important  de  donnAes . 

Le  filtrage  anticlutter  pour  radar  de  veille  qui  demande  un  traitement  continu  sur  un  trAs  qrarid  nombre 
d'Achanti 1 Ions  en  represente  une  application  typique. 

Ilya  dix  ons  I'avenement  des  registres  A dAcalage  numAriques  MOS  a apporte  une  transformat  ion  complete 
des  techniques  et  des  equipements  MTI. 

Aujourd'hui  tout  recepteur  radar  de  veille  comporte  un  dispositif  de  rejection  du  clutter  de  sol  et 
e'est  cet  equipement  qui  offre  1 'appl ication  potentielle  la  plus  interessante  des  dispositifs  A transfert  de 
charge,  immediatement  disponibles  et  utilisables. 

Le  fait  de  conserver  les  signaux  echanti 1 lonnAs  dans  leur  forme  analogique  originale,  e'est-a-dire  non 
quantifies  en  amplitude,  elimine  l'ensemble  de  conversion  analogique-digitale  et  pennet  de  remplacer  les 
couteux  multiplieurs  numeriques  par  de  simples  attenuateurs  de  tension  resistifs. 

L ' lit  i 1 i sat  ion  des  CCD  represente  done  une  participation  non  nAgliqeable  dans  la  recherche  de  realisations 
plus  economiques,  moins  volumineuses  et  a plus  faible  dissipation  thermique. 

Pour  ces  raisons,  de  nombreuses  communications  ont  traite  des  applications  potentielles  des  CCD  au 
domaine  radar,  et  en  particulier  dans  la  realisation  de  filtres  lineaires  de  rejection  du  clutter,  lorsque 
celui-ci  exhibe  un  spectre  Doppler  de  faible  largeur  par  rapport  A la  frequence  de  repetition  du  radar,  et 
qu'il  est  centre  au  voisinage  de  cette  frequence  et  de  ses  harmoniques  (BOUDEN,  JE  ..,1974)  (L0BENSTL1N. 

H...  197b)  (WARDROP.  B...1976)  (KOTHMANN.  W,  1976). 

Toutefois,  jusqu'a  present  a notre  connai ssance,  les  dispositifs  mis  en  oeuvre  avec  des  registres  a 
decalage  analogiques,  CCD  ou  BBD,  ne  comportent  qu'un  nombre  relativement  faible  de  cases  distance  dans  le 
cas  d'un  filtre  recursif.  Inversement,  s'il  s'agit  d'une  structure  multiplexe,  de  fagon  a augmenter  artifi- 
ciellement  le  nombre  de  quanta,  le  filtre  est  constitue  essentiel lement  par  la  mise  en  cascade  de  simples 
annulateurs  du  premier  ordre. 

D'autre  part,  la  degradation  des  signaux  et  la  diaphonie  entre  cases  distance  voisines,  dues  a une 
efficacite  de  transfert  insuffisante,  limitent  les  possibilites  de  traitement,  en  aval  du  M.T.l,  effectue 
sur  plusieurs  cellules  de  resolution  distance  consAcut i ves . Cet  inconvenient  subsiste  lorsque  l'on  utilise 
des  composants  du  type  S.A.M.  (Serial  Analoq  Memory  de  Reticon)  afin  de  reduire  la  diaphonie  ( KOTHMANN ,W. 1976) . 

Cet  expose  a pour  objet  de  presenter  les  etudes  de  definition  et  de  conception,  concernant  la  reali- 
sation d'un  filtre  linAaire  de  rejection  du  clutter  qui  utilise  essentiel lement  les  dispositifs  a transfert 
de  charge  THOMSON-CSF  decrits  prAcedemment . 

Le  dispositif  envisage  correspond,  sur  chaque  composante  video,  au  multiplexage  d'au  moins  1000  canaux. 
Chacun  d'eux  effectue,  par  exemple  une  fonction  de  filtrage  a deux  pAles  et  trois  zeros,  tout  en  maintenant 
une  isolation  d'au  moins  40  decibels  entre  chaque  canal.  L 'attenuation  du  clutter  est  d'au  moins  50  decibels 
dans  la  mesure  oil  cette  performance  est  compatible  avec  la  rejection  theorique  du  filtre. 

L'objectif  principalement  vise  est  de  permettre,  en  sortie  MTI  : 

- soit,  d'effectuer  une  correlation  sur  la  durAe  du  signal  Amis, 

- soit,  d'obtenir  une  detection  A fausse  alarrne  constante  a partir  d'une  fonction  de  normalisation. 

2.2  - CaractAristiques  techniques  du  filtre  MTI 

Les  performances  globales  d' une  station  radar  AquipAe  d'un  filtre  MTI  linAaire  dependent  non  seulement 
du  type  de  filtre  et  du  "Staggering"  utilises  mais  Agalement  des  CaractAristiques  des  signaux  parasites  qui 
perturbent  la  visibilitA  des  cibles  utiles. 

De  fagon  A tester  valablement  ce  sous-ensemble  radar  par  comparaison  instantanAe,  au  cours  d'expArimen- 
tation  en  vraie  grandeur,  nous  nous  proposons  de  rAaliser  en  analogique,  une  maquette  de  CaractAristiques 
et  performances  extrAmement  voisines  de  celles  d'un  recepteur  mod erne  pour  radar  de  veille  plane,  comportant 
un  filtre  MTI  numArique  dAjA  dAveloppA  depuis  quelques  annAes. 

II  s'agit  d'un  filtre  A trois  mAmoires,  travaillant  done  sur  quatre  impulsions,  et  comprenant  trois 
zAros  et  deux  pAles  congus  pour  rAaliser  trois  types  de  fonctions  de  filtrage  A savoir  : 

1 - Un  filtre  adapte  aux  radars  de  veille  A relativement  grand  nombre  N d'Achos  par  but  (N  > lb) 

II  comporte  trois  zeros  a l'origine  (triple  annulation)  avec  deux  boucles  de  contre-rAaction,  ce 
qui  lui  confAre  une  fonction  de  transfert  presque  rectangulairc.  II  assure  ainsi  une  bonne  Alimi- 
nation  des  Achos  fixes  si  leur  spectre  n'est  pas  trop  large  (N  > 10)  avec  une  visibilitA  maximale 
et  uni  forme. 
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Un  filtre  correspondant  3 un  radar  A peu  d'Pchos  dans  le  lobe  A 3 dB  (N  < lb).  Par  rapport  au  fil- 
tre  precedent,  deux  des  trois  zeros  ont  PtP  dPcalPs  de  manure  a Plargir  la  zone  de  rejection  et 
presenter  une  meilleure  attenuation  autour  de  f 0 lorsque  le  spectre  des  echos  est  plus  large 
(N  petit) . 

Un  filtre  de  mauvais  temps  presentant  une  bande  passante  etroite  et  une  bande  attenuPe  importante. 

11  s'agit  dans  ce  cas  d'un  filtre  non  rpcursif  A triple  annulation. 

Dans  les  radars  A impulsions  1 'P1 imination  des  echos  fixes  entraine  la  creation  de  zones  dt  rejection 
situPes  aux  multiples  de  la  frequence  de  recurrence. 

De  fagon  A s'affranchir  de  ce  problPme  dit  des  "vitesses  aveugles"  on  effectue  un  changement  de 
periode  d'impulsion  A impulsion  (Staggering).  En  regie  generate,  dPs  que  la  rejection  thPorique  du 
filtre  depasse  40  dB,  c'est  le  "staggering"  qui  limite  les  performances  et  dans  ces  conditions  on 
adopte  la  forme  rectangulai re  dc^  fiitres  1 et  2.  Si  au  contraire  les  para met res  sont  tels  que  la 
frequence  centrale  du  spectre  de  clutter  represente  une  partie  notable  de  la  frequence  de  recurrence 
c'est  le  filtre  qui  limite  les  performances  en  rejection  et  on  peut  dans  ce  cas  se  contenter  du 
filtre  3 non  recursif  a 3 memoires. 


Les  trois  elements  de  retard  sont  associPs  de  fagon  a former  deux  fiitres  PlPmentaires  en  cascade 
(decomposition  en  elements  simples). 

- un  filtre  simple  annulation 

- un  filtre  A deux  retards  A entrPes  pondPrPes  et  comportant  deux  boucles  de  contre-rPaction . 


Le  svnoptique  du  filtre  Mil  est  reprPsente  figure  10. 
La  transfonnee  en  Z donne  immPdiatement  : 


H(2)  = (1  - Z'1) 


■ 

(1  - R'  Z" 1 t RZ"‘  ' 


et  les  fonctions  de  transfert  des  trois  fiitres  sont  representees  (figure 


10  ). 


Cet  Pquipement  est  destine  A Ptre  associP  A un  radar  de  veille  plane  rppondant  aux  caractPri stiqucs 
suivantes  : 


- Largeur  de  1' impulsion  Pmise  

- Frequence  de  recurrence  

- PortPe  MTI  

- Nombre  d' echos  dans  le  lobe  d'antenne 


l = 1,7b  microseconde 
Fr  = 750  Hz  (+  1°  * de  STAGGER) 
de  0 A 80  Nautiques 
N = 20  environ 


AprPs  amplification  avec  une  bande  passante  adaptPe  a la  largeur  1 = 1,7  gs  de  l'impulsion  Pmise 
(soit  environ  600  kHz),  les  signaux  A frequence  intermediaire  issus  du  prPampl i ficateur  radar  sont 
transposes  autour  d'une  porteuse  A frequence  nulle  et  separPs  en  deux  voies,  en  phase  1 et  en  quadra- 
ture Q.  Ces  signaux  I et  Q contenant  les  informations  d'amplitude  et  de  phase  sont  reprPsentPs  en 
bande  de  base  (300  kHz  environ)  par  deux  signaux  video  bipolaires,  projections  sur  deux  axes  perpen- 
diculaires  des  informations  d'entrPe. 


Ces  signaux  video  I et  Q sont  Pchanti 1 lonnps  au  moins  une  fois  par  largeur  d'impulsion  Pmise  (1,7  gs). 

Un  ensemble  de  trois  retards,  chacun  Pgal  A la  pPriode  de  recurrence  (1330  gs  environ)  permet  de 

disposer  des  informations  de  quatre  recurrences  successives  pour  effectuer  A chaque  quantum  distance, 
le  filtrage  M.T.I.  en  peigne  desire. 

En  adoptant  dans  le  cas  present  une  frequence  d 'Pchanti 1 lonnage  de  un  megahertz,  c'est-A-dire  un 
quantum  distance  de  traitement  de  une  microseconde,  la  portPe  M.T.I.  de  80  nautiques  necessite  de 
traitor  simul tanement  et  continuel lenient  environ  2000  canaux  de  donnees  (1000  sur  la  voie  1 et  1000 
sur  la  voie  Q)  echantillonnees  A une  cadence  de  750  Hz,  Pgale  A la  frequence  de  repetition  du  radar. 

Une  ligne  A retard  (LAR)  THX  1112,  de  2 x 512  Ptages  de  transfert  permet  en  principe  de  multiplexer 

1000  canaux  sur  une  voie  I ou  Q.  Ln  fait,  comme  indiquP  au  § suivant,  de  fagon  A augmenter  artificiel- 

lement  1'efficacitP  de  transfert  intrinsPque  du  CCD,  nous  utilisons  deux  Ptages  de  transfert  de  la 
LAR  pour  chaque  Pchantillon  de  donnee  A 1'entrPe.  Ceci  necessite  done  deux  LAR,  THX  1112,  pour  multi- 
plexer les  1000  canaux  d’une  voie  I ou  Q.  La  figure  11  reprPsente  le  synoptique  du  sous -ensemble 
radar  et  la  figure  12  la  version  analogique  du  filtre  M.T.I.  trois  mPmoires. 

A la  sortie  du  filtre  MTI,  un  traitement  C.F.A.R.  est  utilise  pour  ramener  les  signaux  parasites, 
subsistant  auris  filtrage,  et  s'Ptendant  sur  un  certain  nombre  de  quanta  distance,  A un  niveau  aussi 
constant  que  possible  et  Pgal  A celui  du  bruit  thermique  du  rPcepteur. 

Le  systPme  du  type  logari thmique,  differentiation,  puis  expansion,  congu  pour  normaliser  la  puissance 
du  bruit  ou  du  clutter  realise  un  excellent  compromis  entre  la  simplicitP  de  realisation  et  l'effi- 
cacite  de  la  regulation  (SKOLNlk  I.M,  1970).  Ce  systPme  revient  en  premiere  approximation  A divisor 
le  signal  dPtectP  dans  chaque  case  distance,  par  une  estimation  en  moyenne  gPomPtrique,  de  1 'ambiance 
entourant  ce  signal  sur  un  inlervalle  de  mesure  centre  sur  la  case  interessPe. 

2.3  - Performances  obtenues  en  utilisant  une  LAR,  THX  1105. 


Afin  d'Pvaluer 
appl icat ions  M.T.I., 
en  France,  notamment 
A deux  gri lies  et  un 


les  possibilites  rPelles  et  les  limites  des  dispositifs  lignes  A retard  A CCD  dans  les 
nous  avons  mono  une  etude  prPliminaire  basPe  uniquement  sur  1 ' uti 1 isation  de  LAR  existant 
le  circuit  THX  110'.  de  256  Ptages  commandos  par  deux  phases  et  comportant  un  Ptage  d'entrPe 
Ptage  de  sortie  avei  -vy’  i ficateur  tampon  intpgrp. 


Echantillonnage  et  maintien 

Dans  un  ensemble  de  conversion  analogique-digitale  pour  traitement  numerique  de  signaux  video  radar,  de 
fagon  a rbsoudre  le  probieme  du  taux  de  variation  tres  eieve  de  ces  signaux, le  codeur  proprement  dit  est  prece- 
de d'un  echanti 1 lonneur-bloqueur . L'objet  de  ce  dernier  est  de  permettre  ! 'utilisation  de  circuits  precis  de 
codage  ayant  des  vitesses  de  rbponse  rapides  par  rapport  4 la  cadence  de  codage  et  non  par  rapport  aux  varia- 
tions des  signaux  4 coder. 

De  m&me  pour  les  LAR  4 CCD,  un  echantil lonneur-bloqueur  tres  performant  est  utilise  en  entree  afin 
d'eviter  les  variations  du  signal  durant  une  periode  d'horloge  de  commande  des  phases.  La  fonction  d'echantil- 
lonnage  propre  au  CCD  sera  reservee  pour  realiser  les  fonctions  de  demultiplexage  puisque  le  nombre  de  512  ele- 
ments par  registre  est  encore  insuffisant  pour  couvrir  la  portae  MTI  du  radar. 

De  plus,  4 cause  de  ce  demultiplexage,  la  largeur  de  bande  des  signaux  video  sera  bventuel lement  superieu- 
re  4 la  frequence  d'horloge.  Dans  ces  conditions,  puisque  le  signal  utile  apparait  en  sortie  des  registres 
conrne  la  modulation  d',un  signal  parasite  d'amplitude  importante,  il  sera  absolument  n£cessaire  d'echantillonner 
la  sortie  des  registres  en  synchronisme  avec  la  commande  des  phases  pour  supprimer  le  plus  efficacement  possible 
tous  les  signaux  indesirables  de  lecture  des  charges. 

1 nefficacite  de  transfert 

la  valeur  non  nulle  de  1 ' ineffiracite  de  transfert  e a pour  consequence  une  dispersion  en  temps  du  signal 
video,  crbant  de  ce  fait,  de  la  diaphonie  entre  les  diffbrents  canaux  multiplexes  qui  realisent  sur  chaque 
composante  I ou  Q la  fonction  du  filtrage  M.T.I. 

Si  on  desire  en  aval  de  ce  filtrage,  soit  effectuer  une  correlation  sur  la  duree  de  1 'impulsion  emise, 
soit  obtenir  une  detection  T.F.A.C.  4 partir  d'une  fonction  de  normalisation.il  faut  maintenir  au  minimum,  une 
isolation  de  40  decibels  entre  chaque  canal. 

Sur  une  impulsion  isolee  d'amplitude  unite,  la  dispersion  peut  etre  chiffree  en  premiere  approximation, 
par  le  theoreme  du  developpement  du  binOme  : N 

Id -•)•.]"■  F _«!_  (l 

L ■*  D=0  D * ( N-D } * 

Apres  N transferts,  ceci  se  traduit  par:  K'v 

- une  attenuation  A = exp  (-Ne)  pour  1 'impulsion 

- la  creation  de  plusieurs  impulsions  residuelles  dont  la  premiere  a pour  amplitude  Ne  , la  seconde 


(1  -£  )N'P  (£)P 


, la  troisieme  ...  etc. 


Dans  un  registre  4 deux  phases  de  n = 512  etages,  le  nombre  de  transferts  N = 2 n = 1024.  Les  CCD,  THX1112 
possedent  des  £ chiffres  entre  2 10'^  et  5 10"^  pour  des  frequences  de  1 a 5 MHz,  soit  N£  compris  entre  0,2  et 
0,5. 

Ainsi  en  supposant  un  reglage  de  gain  realisant  l'annulation  parfaite,  d'impulsions  video  simulant  un 
echo  fixe,  entre  la  voie  directe  et  la  voie  retardee  comme  par  exemple  dans  un  filtre  simple  annulation,  la 
rejection  ne  depasserait  guere  10  dB  puisqu'il  resterait  les  impulsions  residuelles  dont  la  premiere  serait 
encore  de  20  4 30  % de  1’ impulsion  signal. 

II  s'agit  done  de  gagner  artificiel lement.a  Taide  de  circuits  associes,  un  facteur  de  20  a 50  sur  l'ef- 
ficacite  de  transfert  intrinseque  des  CCD. 

La  figure  I3decrit  une  telle  methode  d'amel ioration  de  l'efficacite  de  transfert  equivalente,  utilisant 
d'une  part,  un  etage  de  transfert  redondant  sur  deux,  de  fagon  4 reduire  au  second  ordre  (NeJ‘  les  impulsions 

residuelles,  d'autre  part  une  annulation  supplementaire  realisee  4 l'aide  d'un  Stage  de  transfert  annexe  et  d'un 
ampl i ficateur  differentiel  qui  abaisse  theoriquement  au  4Sme  ordre  l'effet  residue). 

Les  photos  de  la  figure  14  illustrent  les  resultats  obtenus  a l'aide  d'un  circuit  THX  1105  a 1 MHz  de 

frequence  de  commande  de  phases,  sur  signaux  rectangulaires.  Le  mode  d ' introduction  du  signal  est  dans  ce  cas 

la  methode  d'equi 1 i brage  des  potentiels  qui  provoque  une  attenuation  entree-sortie  de  20  dB  environ.  Les  diffe- 
rentes  tensions  d'al imentation  ne  sont  pas  particul ierement  optimises  mais  reglees  de  fagon  4 illustrer  le 
plus  lisiblement  possible  1 ' amel ioration  apportee  aux  differentes  etapes  du  procede. 

La  photo  de  la  figure  14-f  illustre  de  maniere  plus  exacte  la  sortie  directe  du  TX  1105  pour  une  frequence 
legSrement  supSrieure  4 1 MHz  et  un  mode  d'injection  4 1 'entree  different  (l'impulsion  d'echantil lonnage  est 
appliquee  sur  la  premiere  grille  d'entrSe  au  lieu  d'etre  appliquee  sur  la  diode  injectrice). 

Cependant  des  mesures  effectuees  4 l'aide  d'un  oscillo.  et  d'un  tiroir  differentiel  (par  exemple  le 
TEKTRONIX  7704  A muni  d'un  tiroir  7A13)  font  apparaltre  les  limites  de  la  correction. 

Si  theoriquement  le  rapport  entre  le  signal  utile  et  l'impulsion  residuelle  d'ordre  4 est  de  60  dB,  pra- 

tiquement  nous  n'obtenons  que  50  dB,  car  les  phenomenes  mis  en  jeu  sont  sans  aucun  doute  plus  complexes  que 
le  modele  theorique  choisi  (developpement  binomial). 
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Linearity 


La  linearity  de  la  tension  de  sortie  des  CCD  en  tonction  de  celle  d'entrte  est  un  paramdtre  fondamen- 
tal  car  il  determine  le  taux  d'annulation  que  l'on  peut  atteindre  dans  un  dispositif  de  filtrage  linOaire. 

Afin  d'estimer  directement  les  performances  possibles  en  linearity  et  dynamique  nous  avons  realise 
des  filtres  simple  annulation  avec  correction  d1 inef f icaci te . 

La  cellule  elemental  re  est  representee  figure  1!)  . La  frequence  fc  de  fonctionnement  du  CCD  et  le 

nombre  d'etages  du  registre  determinent  le  temps  de  retard  egal  4 256  pour  le  1HX  1105,  et  1'  interval  le 

Fc  Ti 

de  frequence  entre  deux  zeros  du  filtre  \F  = • Les  resultats  qui  suivent  ont  ete  obtenus  pour  une  fre- 

quence Fc  de  1,237  MHz,  c'est-4-dire  un  retard  “entree  sortie  CCD  de  206,88  us  et  des  annulations  de  fre- 
quence tous  les  4,833  kHz. 

Nous  avons  utilise  pour  les  mesures  un  gbnerateur  sinusoidal  de  grande  purete  spectrale  dont  les  har- 
moniques  de  rang  2 et  3 sont  de  l'ordre  de  - 80  dB  sous  le  fondamental  (voir  photo  figure  16  ) et  nous  avons 
verifie,  dans  un  premier  temps  que  les  circuits  associes  au  CCD  n' introduisaient  pas  d'erreurs  de  non  linea- 
rity. 

La  photo  de  la  figure  17  presente  la  sortie  du  CCD  apres  correction  d'c  , soit  -55  dB  pour  H..  et  envi- 
ron -60  dB  pour  H^. 

La  photo  figure  18  presente  le  resultat  en  sortie  filtre  pour  une  frequence  situee  dans  la  bande  pas- 
sante  soit  -60  dB  au  moins  pour  H,  et  H.,.  Enfin  la  photo  de  la  figure  19  illustre  1 'attenuation  obtenue 
pour  une  frequence  multiple  de  4,833  kHZ  soit  une  annulation  du  fondamental  superieure  4 65  dB,  les  raies 
harmoniques  se  maintiennent  au  niveau  du  cas  precedent  (-60  dB)  puisque  l'annulation  ne  peut  s'effectuer  que 
sur  la  raie  fondamentale,  seule  presente  4 la  fois  dans  la  voie  directe  et  dans  la  voie  retardee. 

Nous  avons  obtenu  des  resultats  identiques  en  cascadant  jusqu'4  l'ordre  3 ce  filtre  simple  annulation. 

Dynamique 

La  dynamique  est  definie  par  le  rapport  entre  l'amplitude  maximale  en  sortie  et  l'amplitude  du  signal 
egal  au  bruit  en  sortie,  devaluation  de  cette  dynamique  peut  s'effectuer  aisement  4 l'aide  d'un  analyseur 
de  spectre  de  largeur  de  bande  d'analyse  tres  petite  par  rapport  4 la  frequence  de  commutation  des  phases  de 
commande,  de  fagon  4 ne  pas  prendre  en  compte  dans  la  mesure  les  residus  d'horloge. 

Nous  avons  effectue  aussi  differentes  mesures  du  niveau  de  bruit  4 l'aide  d'un  voltmetre  seiectif 
(HP  312B)  dans  des  bandes  d'analyse  de  200  Hz  et  de  3100  Hz. 


| Bande 

200  Hz 

3,1  kHz 

Apparei 1 

seul 

0,8  uV 

2,8  ix V 

1 CCD 

3,75  u V 

14,5  uV 

Ces  resultats  verifiant  que  les  puissances  de  bruit  sont  dans  le  rapport  des  bandes  de  mesure,  la  tension 
efficace  de  bruit  dans  une  bande  utile  de  300  kHz  serait  de  l'ordre  de  (14,5  /300)  uV  soit  environ  0,14  mV. 

\T,T 

Dans  les  memes  conditions  de  mesure  nous  avons  obtenu  en  sortie  une  tension  signal  de  40  4 50  mV  pour 
une  attenuation  d'environ  60  dB  des  harmoniques  2 et  3,  soit  une  dynamique  possible  d'au  moins  50  dB. 


2.4  - Derives  en  temperature 


Des  mesures  quanti tatives  (voir  figure  20  ) ont  confirme  1 'influence  de  la  temperature  sur  les  variations 
de  perte  d' insertion  (attenuation  entree-sortie). 

L'amplitude  de  ces  variations  est  incompatible  avec  le  taux  d'annulation  cherche  : il  est  done  necessaire 
de  les  reduire. 

Nous  avons  realise  un  systeme  de  regulation  automatique  de  gain  (figure  21  ) dans  lequel  les  variations 
de  perte  d'insertion  sont  evaluees,  en  zone  de  traitement  non  utile  (fin  de  portee  radar),  par  injection  d'un 
signal  calibre. 

Ce  systeme  a donne  entierement  satisfaction  ; il  a permis  de  maintenir  le  taux  de  rejection  4 une  valeur 
proche  de  60  dB  avec  des  variations  de  perte  d'insertion  pouvant  aller  jusqu'4  20  dB.  (Cas  extreme  permettant 
de  verifier  l'efficacite  de  regulation). 


2.5  - Conclusion 


L'utilisation  des  circuits  THX  1105  immediatement  disponibles  nous  a permis  d'aborder  la  phase  de  faisa- 
bilite  d'un  MTI  performant  et  de  relier  le  plus  vite  possible  les  paramdtres  specifiqucs  des  CCD  4 ceux  des 
dispositifs  de  traitement  du  signal  radar. 

La  realisation  et  les  essais  du  sous-ensembl e radar  utilisant  les  THX  1112  permettront  de  determiner  quels 

proyres  seront  requis  4 la  fois  du  point  de  vue  technologique  et  du  point  de  vue  conception  afin  de  rendre  les 

CCD  encore  plus  utilisables  dans  le  traitement  analogique  du  signal  radar  : aspect  reproductibi 1 ite  des  perfor- 
mances, maitrise  des  paramdtres,  simplicity  de  mise  en  oeuvre,  integration  de  circuits  supplemental  res , ...etc. 

Dds  4 present  le  traitement  analogique  4 base  de  CCD  semhle  realiser  un  excellent  compromis  en  tenues  de 
cout,  encombrement , poids  et  dissipation  thermique,  et  en  admettant  une  dynamique  accrue  de  fonctionnement, 

70  a 80  dB  par  exemple,  les  CCD  resoudront  de  fayon  elegante  et  peu  onereuse  le  probleme  de  conserver  au  rapport 

signal  4 bruit  une  valeur  constante  independante  des  siqnaux  4 traitor. 


5.1-7 


REFERENCES 


1.  BOUDEN  JE,  TUMLINSON  M.J.,  1974,  "CCD  Chebyshev  filter  for  radar  MT I applications".  Electronics  Letters 
4th  April  1974,  vol . 10  No  7,  p 89. 

2.  O.V.  Me  CAUGHAN,  J.G.  Harp,  1976,  "Phase  referred  input  : A simple  new  linear  CCD  input  method".  Electronics 
letters  9 th  december  1976  vol. 12,  no  25,  p 682. 

3.  In' . KOTHMANN,  1976,  "MT l Filters  using  analogue  memories"  AGARD-CP-1976  on  new  devices,  techniques  and 
systems  in  radar  p 10-1. 

4.  H LOBENSTEIN,  D.N.  LUDINGTON,  1975  "A  charge  transfer  device  MTI  implementation",  IEEE  1975  International 
Radar  Conference,  p.107. 

5.  C.H.  Sequin  and  A.M.  Mohsen,  "Linearity  of  electrical  charge  injection  into  charge  - coupled  devices", 

IEEE  solid  state  circuits,  vol.  Sc  10,  Apr.  1975. 

6.  M.I.  SKOLNIK,  1970  "Radar  handbook".  Me  Graw-Hill,  p 5-29. 

7.  M.F  TOMPSETT  1976  "Using  chargecoupled  devices  for  analog  delay"  Proc.  CCD  Appl . Conf.Sept  1976  - p 14 7- 1 50 . 

8.  B.  WARDR0P,  E.BULL,  1976.  "The  Application  of  charge  coupled  devices  to  moving  target  indicator  filters", 
the  marconi  review,  fourth  quarter,  1976,  p 201-223. 


«« 
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Fig.  10  Functions  do  transl'ert.  fit t re  3 nnimoires. 
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( a ) Sortie  au  point  B ( figure  1 3 ) 


(b)  Sortie  amplifiee  au  point  B 


Fig. 14  Kesultats  de  ['amelioration  d'efficacite1  sur  signaux  reetangulaires  (suite) 


>SOmV 


( e ) Sortie  au  point  A'  (figure  13) 


If)  Sortie  directe  du  CCD  dans  un  mode  different 


14  Kesultats  de  (’amelioration  d’efficacite  stir  signattx  reetangulaires  (fin) 
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A CCD  DELAY  LINE  DOPPLER  ANALYSER 

J.D.  Jackson,  G.R.  Adams,  and  J.S.  Heeks 
Standard  Telecommunication  Laboratories  Limited 
London  Road,  Harlow,  Essex,  CM17  9NA , U.K. 

SUMMARY 


A CCD  spectrum  analysing  filter  is  reported  which  is  compatible  with  the  real  time  pro- 
cessing of  doppler  radar  signals.  The  scheme  is  based  on  the  Coherent  Memory  Filter 
(CMF)  principle  and  has  the  attractive  feature  that  the  CCD  function  is  just  that  of  a 
simple  delay  line.  Experimental  results  are  presented  for  a prototype  system  providing 
a 50-point  transform  and  performance  limits,  as  determined  by  the  fundamental  parameters 
of  the  CCD,  are  discussed.  In  an  extension  of  the  approach  it  is  proposed  to  interface 
the  analyser  with  an  analogue  tapped  delay  line  in  order  to  effect  both  range  and 
doppler  processing. 

1.  INTRODUCTION 

In  many  electronic  systems  useful  information  is  carried  in  the  frequency  of  the 
received  signals  and  spectrum  analysis  becomes  a basic  requirement  of  signal  processing. 
For  optimised  detection  additional  demands  may  be  imposed  on  the  processing  such  as  the 
ability  to  detect  in  the  presence  of  noise  (i.e.  to  match  filter),  to  fulfil  the 
resolution  capability  of  the  system,  and  to  provide  a spectral  measure  in  real  time. 
Traditionally  such  processing  has  been  performed  with  a contiguous  filter  bank  that 
examines  each  frequency  component  simultaneously  but  for  good  resolution  and  signal 
enhancement  requires  a large  number  of  narrow  band  filters.  In  recent  years  new  trans- 
form techniques  have  emerged,  the  Fast  Fourier  Transform  (FFT)  increasing  the  speed  of 
digital  processors  and  the  chirp  Z transform  (CZT)  allowing  compact  solutions  to  real 
time  processing  with  analogue  components  such  as  SAW  and  CCD.  An  additional  analogue 
scheme  is  based  on  the  Coherent  Memory  Filter  (SKOLNICK,  M.I.)  principle  which  in 
general  is  capable  of  simultaneous  range  gating  and  doppler  filtering  and  whose 
realisation  in  the  SAW  technology  has  been  reported  (JACKSON,  J.D.  et  al.,  1976).  The 
technique  is  applied  here  to  doppler-only  processing  and  since  the  bandwidth  required 
for  range  processing  is  eliminated  the  system  is  conveniently  implemented  with  a CCD 
delay  line. 

The  approach  offers  an  interesting  contrast  to  the  CZT  in  that  it  allows  a simpler  CCD 
device  in  which  complex  transversal  weighting  is  eliminated  at  the  expense  of  increased 
component  bandwidth.  In  principle  both  transforms  require  an  identical  time  bandwidth 
product  for  the  CCD  element  but  the  CMF  has  the  advantage  of  being  compatible  with 
direct  implementation  as  a doppler  analyser.  To  meet  the  high  performance  (e.g.  resol- 
ution, dynamic  range)  of  modern  radar  the  delay  line  is  required  to  have  good  charac- 
teristics since  signals  are  processed  for  the  full  effective  dwell  time  and  suffer  the 
corresponding  long  time  effects  of  the  CCD.  However,  the  functionally  simple  untapped 
delay  is  the  most  convenient  CCD  component  with  which  to  achieve  a high  level  of 
performance. 

Included  in  the  paper  are  results  of  a prototype  demonstration  model  and  a discussion, 
backed  by  computer  simulated  results,  of  performance  degradations  imposed  by  the  CCD 
element.  Finally  a scheme  is  outlined  which  allows  the  processing  to  be  extended  to 
more  general  signals  and  to  facilitate  range  gating. 

2.  PRINCIPLES  OF  THE  TRANSFORM 

In  common  with  the  digital  FFT  and  the  CCD  implementation  of  the  CZT  (MAYER,  G.J.,  1975) 
the  transform  performed  by  the  CMF  is  a structuring  of  the  Discrete  Fourier  Transform 
(DFT) . This  is  performed  within  a recirculating  loop  in  three  basic  operations,  namely 


delay,  complex  multiplication  and  summation.  This  process  Is  Illustrated  by  the 
schematic  circuit  of  Fig.  1.  Signal  entering  the  input  port  is  circulated  through  the 
delay  line  (T) , frequency  offset  by  6f,  amplified  to  overcome  loop  losses,  band  limited, 
and  cumulatively  summed.  In  the  absence  of  the  frequency  offset  the  loop  is  of  course 
a simple  delay  line  integrator  with  the  well  known  comb  filter  response.  Introducing  an 
appropriate  offset  provides  a time  varying  phase  shift  which  effectively  tunes  the  filter 
over  the  required  spectrum  coverage  and  allows  real  time  spectrum  analysis  of  an  input 
signal . 

To  provide  a better  insight  of  the  spectral  analysis  we  can  consider  the  circuit  as  a 
sampled  data  system.  This  is  relevant  in  determining  the  output  at  a particular  time  (t) 
since  it  will  consist  of  the  input  signal  at  (t)  summed  with  previous  inputs  at  multiples 
of  the  loop  delay.  Thus  time  may  be  refei  -need  to  the  start  of  a delay  line  cycle  by 
assigning  t = T + nT,  where  n is  an  integei  and  O I < T . Synchronising  the  offset 
frequency  with  the  loop  delay,  e.g.  condition  Sf  * 1/T,  establishes  an  offset  phase 
2n  t/T  which  repeats  with  period  T and  has  invariance  2n  l/T.  The  output  at  (t)  therefore 
consists  of  the  summation  of  the  delayed  and  phase  shifted  samples  and  can  be  expressed 
mathematically  as 

F(t)«  V f e^2""  1/T 
n=0  " 

where  fn  is  the  input  signal  and  the  summation  is  over  the  number  of  data  circulations. 

The  transformed  function  F ( t ) appears  in  real  time  and  for  an  input  bandwidth  1/T  the 
transformed  frequency  is  proportional  to  time.  The  complex  exponential  represents  the 
Fourier  matrix  of  the  DFT  and  in  character  to  this  transform  the  output  of  the  CMF  for 
a cw  input  is  a sinusoid  with  an  envelope  function  sin  Nx/sin  x which  repeats  every  T 
seconds.  A complete  derivation  of  this  function  has  been  given  by  Capon  (CAPON,  J., 

1960)  . 

For  an  N-sample  signal  the  peak  amplitude  of  the  response  is  N times  greater  than  the 
input  amplitude  and  the  frequency  resolution  is  of  order  1/TN.  Unweighted  the  response 
is  t sin  x/x  and  weighting  techniques  are  usually  required  to  reduce  the  sidelobes  to  a 
lower  level. 

3.  DOPPLER  ANALYSING  FILTER 

3.1.  Implementation  Considerations 

A doppler  analysing  filter  based  on  the  CMF  requires  a delay  line  with  the  following 
parameters.  Its  delay  must  be  equal  to  the  reciprocal  of  the  doppler  bandwidth  (equal 
to  the  PRI  or  code  repeat  period  in  a pulse  radar)  and  its  frequency  coverage  equal  to 
the  product  of  the  doppler  bandwidth  and  the  number  of  doppler  cells.  For  a typical 
radar  this  means  a delay  of  t 100  us  and  a bandwidth  of  'v  1 MHz.  A CCD  analogue  delay 
adequately  meets  such  requirements  and  offers  the  advantage  that  it  can  be  precisely 
controlled  and  locked  to  the  offset  frequency. 

In  common  with  any  close- loop  recirculating  system  the  design  is  complicated  by  the 
cumulative  effect  of  component  imperfections  and  the  performance  becomes  sensitive  to 
signal  transfer  characteristics  such  as  amplitude  and  phase  distortion,  and  time  and 
frequency  spurii.  Concerning  the  CCD  implementation,  this  will  influence  the  quality  of 
the  system  to  an  extent  determined  by  such  parameters  a3  charge  transfer  efficiency, 
input/output  nonlinearity  and  dark  current.  Charge  transfer  inefficiency  manifests 
itself  as  a frequency  dependent  amplitude  attenuation  and  a frequency  dependent  phase 
shift  (VANSTONE,  G.F.,  et  al.,  1974).  The  amplitude  attenuation  leads  to  a variation  of 
loop  gain  and  with  additional  loss  from  peripheral  circuits  (e.g.  sample  and  hold)  the 
gain  roll-off  can  be  up  to  3 dB  over  the  loop  bandwidth.  The  loss  can  be  reduced  with 
a correction  amplifier  although  the  effect  of  any  residual  gain  variation  can  be 


..  it  i v.  irui  can  t ipully  it  lenuate  the  frequency  samples  which  appear  at  the  output, 
examp  le , a U'i  which  introduces  a linear  amplitude  taper  of  0.5  <1B  over  its  band- 
w will  pt  ixluce  i maximum  attenuation  of  the  output  samples  of  28  JB  foi  a loop  which 

. ia.  ii’.  11  -Ul.it  ions.  In  practice  this  can  be  equalised  by  amplitude  weighting  tne 
‘it  lamp.  and  this  operation  can  be  performed  in  com  unction  with  prescribed  weighting 
1 : sidelobe  reduction  tsee  section  3.2)  . Con.  >uter  analysis  ot  random  amplitude  errors 
> •".owr  that  the  weighting  coel!  i.vntnt.1  should  be  implemented  with  1*  accuracy  in  order 
to  achieve  - 40  dlt  sidelobe  response. 

. effect  ot  phase  errors  in  the  loop  is  to  shift  the  doppler  Indication  in  time  and  to 
a ido  t peak  to  sidelobe  response.  For  minimal  degradation  we  have  calculated  that 
teviati.n  from  linear  phase  must  be  no  greater  than  1 degree  although  any  greater 
t . nearity  can  in  pru  iple  be  corrected  by  phase  weighting  the  input  signal.  To 
a ■ the  |'hase  error  contribution  from  the  CCD  component,  the  doppler  analyser  has 
beet,  eortputei  modelled.  Fig.  2 ia)  shows  the  response  for  an  ideal  CCD  delay.  The  input 
bandwidth  is  lo  kHz  and  the  input  doppler  is  •>  kHz;  there  are  SO  circulations  in  the  loop 
to  e tt'.a  1 is  weighted  fox*  -40  dB  sidelobe  response.  Fig.  2(b)  shows  the  effect  ef 

t i , : a ef  frc’.rncy  of  954  over  the  complete  delay.  For  a typical  CCD  having  500 

t delay  and  phases  per  stage  this  represents  an  inefficiency  (t)  of  5 x 10~4 
t tr.o  w act:  i.-.  an  order  of  magnitude  worse  than  the  best  devices  current  ly 

■ t ib 1 e . Tne  inefficiency  produces  a linear  phase  shift  which  can  be  accommodated  in 
di  it  . and  a phase  non  linearity  of  ■ 0.8  degree  over  the  loop  bandwidth.  Tin 
. it  t of  the  latter  is  to  perturb  the  base  of  the  main  lobe  with  a close-in  sidelobe 
eg:  ' t ’ '.  -t  ippi.  ximately  6 dB.  The  effect  of  synchronisation  inaccuracy  between  the 

frequency  and  loop  delay  also  manifests  itself  as  a phase  errot  and  computer 
i 1>  .to  •:  it  syneht  enlsm  t*  within  1 part  in  lO5'  is  required.  The  stability 

it  ! ms  impli:  -•  • -tern  frequencies  imposes  no  problem  in  practice. 

u oi1.  t the  x\i'  causes  harmonic  distortion  and  introduces  frequency  domain 
l -f  ■ • Cypica:  ) , the  i en- 1 i near  i t , is  ot  order  .14  which  limits  dynamic  range  (i.e. 

-'•-g:  al  to  spurn)  tc  \ «o  dB.  Plus  can  be  improved  by  using  a linearisation  technique 
i ''A  b.AN  .,  et  al.,  197-  McCAUGHAN , D.V.,  et  al.,  1976),  allowing  a non-linearity 

•t  t 1-  to  ! <■  achieved  and  extending  the  useful  dynamic  range  to  40  d'i.  other 

1 arame'ers  ef  the  CCI>  le  g . dark  current  and  signal  to  noise  ratio)  would  allow  50-60  dB 
dynamic  range. 

1 . . t xpor iment a l Prototype 

Hie  .fol  lowing  radar  ‘y-teiti  parameters  have  been  assumed  for  the  purpose  of  demonstrating 
the  system  concept . 


signal  repetition  Interval 

1 00  ll  s 

doppler  bandwidth 

10  kHz 

number  of  doppler  cells 

50 

time  on  target 

5 ms 

analegui  shift  register  is  clocked  to  provide  lOO  vis  of  delay  and  the  offset 
; V t t«  lo  kHz.  Kit. i 50  circulations  in  the  loop  the  input  bandwidth  ot  10  kHz 
is  resolved  into  50  doppler  cells  each  v 200  Hz  wide.  The  total  processing  time  is  then 
5 itm.  which,  for  naxlmum  resolution,  would  be  equal  to  the  time  on  target.  CCD's  are 
Usually  miff!  i:  ! .>■  baseband  )nal  input  but,  given  an  ldeqnate  component  bands  l*h. 

it  is  possible  tc  iv  .1  the  l and  c anno  1 by  operat ion  at  a minimum  value  It  . 

This  approach  has  1 i,;'  1 , at  system,  a convenient  cart  let  frequency 

being  about  0.6  MH. 

Ths  circuit  implement.::  ,ut  1 . d . i analy  e:  is  sh  'wn  in  Fig.  1 . Tht  do  ay  , lement 

is  a Fairchild  CCD-321  wti  one  o 1 1.  Independent  455  stage  lines  being  decked  at 
4.55  MHz  to  establish  i . . A • i.  <•  nni  ho’ui  tt  .it  it  > within  the  device 

reconstructs  the  ana  . < \ luutotv  rth  iow-pass 
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filter  further  reduces  the  clock  breakthrough  and  limits  the  aliased  frequencies.  This 
filter  has  a corner  at  1.  I MHz  which  also  limits  the  frequency  excursion  in  the  loop. 

In  order  to  maintain  low  spurious  levels  in  the  signal  band  the  frequency  offset  is 
provided  by  a single  sideband  mixer  which  works  via  double  frequency  conversion  and 
sideband  filtering.  Each  mixer  L.O.  and  the  CCD  drive  are  phase  locked  to  a master 
clock  which  ensures  exact  synchronisation  between  offset  frequency  and  time  delay. 

Weighting  can  be  implemented  by  frequency  filters  in  the  loop  or  on  the  output,  or  by 
time  weighting  the  input  signal.  The  latter  is  preferred  on  the  basis  of  ease  of 
implementation  together  with  the  ability  to  correct  any  non-optimum  weighting  imposed 
by  say  the  antenna  or  loop  response.  The  required  circuit  is  simply  an  amplitude 
modulator  with  a preset  pattern  of  independent  levels  which  are  cycled  through  in 
synchronism  with  the  delay  period.  An  output  gate  ensures  the  correct  observation  after 
each  integration  period. 

Some  examples  of  the  operation  of  the  unit  are  given  by  the  spectra  shown  in  Figs.  4 and 
5.  The  response  to  a c.w.  input  is  shown  in  Fig.  4;  the  doppler  is  7 kHz  and  the 
resolution  corresponding  to  50  circulations  is  200  Hz  at  the  -3  dB  points.  In  character 
with  the  transform  the  spectrum  is  seen  to  repeat  at  intervals  of  100  us.  Fig.  5 shows 
f the  response  to  an  FM  input  signal  having  a carrier  frequency  of  0.605  MHz;  the  deviation 

is  2.5  kHz,  and  the  modulation  2.2  kHz.  The  responses  are  essentially  unweighted  apart 
from  incidental  weighting  imposed  by  the  loop  filter  which  has  a roll  off  at  1.1  MHz. 
Accordingly  the  peak  side  lobe  level  is  around  -13.5  dB.  Further,  no  attempt  has  been 
made  to  linearise  the  phase  response  of  the  loop  filters  and  evidence  of  phase  distortion 
is  observed  in  the  asymmetry  of  the  sidelobe  response.  Improvements  to  fully  optimise 
the  operation  ire  in  hand. 

4 . PULSE-POPPLER  PROCESSOR 

The  doppler  analyser  described  in  section  3 has  a processing  capability  limited  to  input 
signals  of  modulation  bandwidth  less  than  the  doppler  bandwidth;  this  is  characteristic 
of  the  DFT  process.  This  section  describes  a system  for  extending  the  features  of  the 
analyser  to  handle  signals  of  more  general  format  and  increased  modulation  bandwidth 
while  being  able  to  access  range  information  via  matched  filtering. 

A schematic  of  the  processor  is  shown  in  Fig.  6 in  which  the  first  stage  of  matched 
filtering  is  performed  with  a tapped  delay  line  correlator  (MENAGER,  0. , et  al.,  1975; 
DARBY,  B.J.,  et  al.,  1975).  In  radar  operation  the  transmitted  pulse  is  delayed  by 
multiples  of  the  pulse  width  or  code  rate  and  correlation  is  achieved  by  multiplying  the 
delayed  replicas  by  the  target  return.  Each  parallel  channel  defines  a range  cell  and 
full  coverage  is  achieved  when  the  total  delay  is  equal  to  the  PRI  or  code  repeat  period. 
When  the  target  return  has  a doppler  shift  a sampled  doppler  appears  at  the  output  of  the 
multiplier  and  a low  pass  filter  passes  the  doppler  frequency.  Simultaneous  range  and 
doppler  processing  is  achieved  by  connecting  a doppler  analyser  to  each  parallel  channel 
although  less  complex  system  using  one  analyser  are  possible  with  reduced  processing 
capacity . 

The  tapped  delay  line  may  be  implemented  in  SAW  or  charge  transfer  device  (CTD)  technology. 
With  the  latter  the  only  difference  is  that  the  output  from  the  multiplier  appears  as  a 
discrete  time  correlation.  SAW  tapped  delay  lines  provide  the  bandwidth  for  modest 
(20  MHz)  data  rates  and  will  be  useful  in  radar  applications  that  require  high  resolution 
ranging  over  short  (e.g.  1-2  km)  ranges  or  precision  tracking  over  a few  range  cells.  A 
CTD  device  will  provide  a longer  delay  but  lower  bandwidth  capability  than  SAW  and  will 
be  applicable  to  low  range  resolution  search  radars  and  low  data  rate  communications . 

The  inherent  capability  of  the  processor  to  allow  simultaneous  search  in  velocity  and  to 
operate  with  diverse  waveforms  will  be  of  particular  relevance  to  spread  spectrum  systems 
and  in  ECM  environments. 
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Available  components  are  being  assembled  to  establish  the  feasibility  of  the  processor. 

A commercially  available  bucket  brigade  device  (Reticon  TAD-32)  with  32  taps  is  being 
assessed  for  handling  low  bandwidth  (e.g.  1 MHz)  pulse  waveforms  while  a 31-tap  SAW 
filter  will  be  used  to  demonstrate  operation  with  20  Mbit/s  code  rates. 

5.  CONCLUSIONS 

A doppler  analysing  filter  has  been  demonstrated  which  uses  a CCD  in  a particularly 
simple  architecture  when  compared  to  other  processors.  It  performs  spectrum  analysis 
by  effecting  the  exact  DFT  and  accordingly  operates  in  a continuous  manner  - unlike  the 
standard  form  of  CZT  which  requires  a second  interlacing  processor. 

Implementation  studies  of  the  system  have  indicated  that  the  quality  and  accuracy 
required  both  of  the  CCD  and  the  peripheral  electronics  are  within  the  capabilities  of 
the  present  technology  and  transform  lengths  of  50-100  with  approximately  35  dB  spectral 
sidelobes  are  predictable.  The  experiments  so  far  have  shown  that  a resolution  equivalent 
to  a 50  point  transform  is  achievable  but  in  terms  of  spectral  sidelobes  and  dynamic  range 
the  system  is  below  optimum  and  further  design  and  circuit  implementation  improvements  are 
required. 
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SUMMARY 

In  direct  sequencing  spread  spectrum  communications  systems  a local  PN  generator  must  be 
synchronized  with  the  PN  code  contained  in  the  incoming  signal  at  the  receiver.  To  ac- 
quire synchronism  and  maintain  it  (i.e.  for  “acquisition"  and  "tracking")  one  incurs 
considerable  expense  for  the  receiver.  It  is  known  that  the  acquisition  time  and  the 
complexity  Jf  the  acquisition  circuitry  can  be  considerably  reduced  by  employing  a tapped 
delay  line  as  a matched  filter.  The  paper  presents  a method  of  using  a tapped  delay  line 
correlator  not  only  for  acquisition  but  also  for  tracking.  One  employs  at  the  outset  PN 
clock  generators  of  high  inherent  stability  and  low  relative  drift  at  the  transmitter  and 
receiver.  The  correlation  peaks  at  the  output  of  the  tapped  delay  line  correlator  are 
used  to  set  the  receiver  PN  generator  in  phase  with  the  received  PN  code.  During  the 
intervals  of  time  between  the  correlation  peaks  the  local  PN  generator  runs  freely.  A 
system  - including  the  hardware  realization  - based  on  this  principle  is  presented.  The 
salient  theoretical  results  have  been  checked  by  measurements. 

1.  INTRODUCTION 

Spread  spectrum  communications  systems,  in  which  binary  PN  sequences  are  employed  for 
bandspreading,  are  frequently  used  to  obtain  jam  resistance.  Systems  of  this  type  have 
the  additional  advantage  that  they  also  offer  the  possibility  of  multiple  access,  message 
privacy  and  range  measurement. 

Bandspreading  by  means  of  binary  PN  sequences  can  be  produced  by  frequency  hopping,  time 
hopping  or  direct  sequencing  (CAHN,  C.R.  et  al.,1973;  DIXON,  R.C.,1976).  This  paper 
examines  communication  systems  with  direct  sequencing  of  the  basic  design  shown  in  Fig.1. 
The  message  which  may  be  either  in  digital  or  analog  form  is  first  modulated  onto  a 
carrier  by  a conventional  message  modulator  in  the  transmitter.  The  relatively  narrow- 
band signal  thus  obtained  is  spectrally  spread  by  subsequent  rapid  pseudo-random  phase 
shift  modulation  in  a biphase  modulator  and  then  transmitted.  In  the  receiver,  at  first 
the  pseudo-random  phase  reversals  are  removed,  once  again  in  a biphase  modulator.  The 
signal  spectrally  compressed  in  this  way  is  passed  through  a bandpass  filter  whose  band- 
width is  identical  with  that  of  the  compressed  signal  and  fed  to  the  message  demodulator. 
The  demodulator  output  yields  the  message. 

In  the  biphase  modulator  of  the  receiver,  the  spectrum  of  narrow-band  interfering  signals 
is  spread  and  that  of  wideband  interfering  signals  remains  virtually  unaffected  whereas 
the  spectrum  of  the  desired  signal  is  compressed.  The  bandpass  filter  at  the  receiver 
thus  prevents  a substantial  proportion  of  the  interfering  power  from  reaching  the  message 
demodulator . 

The  basic  design  of  the  spread  spectrum  communication  system  shown  in  Fig.1  differs  from 
a "conventional"  communication  system  only  in  that  it  has  a few  additional  circuits: 

Two  biphase  modulators,  a bandpass  filter  and  two  binary  PN  generators.  However,  cir- 
cuitry additional  to  that  shown  in  the  receiver  in  Fig . I is  necessary  to  generate  the 
local  PN  sequence  which  must  be  identical  and  synchronous  with  the  PN  sequence  contained 
in  the  received  signal.  Identity  of  the  codes  can  easily  be  obtained  by  using  identical 
PN  generators  in  the  transmitter  and  receiver.  However,  it  is  more  difficult  to  synchro- 
nize the  local  PN  generator.  The  problem  of  synchronization  can  be  resolved  into  two 
subsidiary  problems: 

1)  Obtaining  initial  synchronization  (acquisition), 

2)  Maintaining  synchronism  (tracking). 

The  circuits  necessary  for  synchronization  render  the  receivers  of  spread  spectrum  com- 
munication systems  more  complicated  and  hence  larger,  heavier  and  more  expensive  than 
the  receivers  of  conventional  communication  systems. 

The  two  most  widely  used  synchronization  techniques,  which  appear  today  in  various  forms, 
are  shown  schematically  in  Figs. 2 and  3.  The  technique  shown  in  Fig. 2 is  based  on  the 
principle  of  active  correlation  (SAGE,  G.F.,1964;  WARD,  R.B.,1965).  For  acquisition,  the 
local  PN  generator  is  clocked  in  such  a way  that  its  PN  sequence  is  shifted  continuously 
or  in  discrete  steps  relative  to  the  sequence  contained  in  the  received  signal.  Thereby 
occasional  instants  of  synchronism  are  produced  which  are  detected  by  the  acquisition 
circuit.  The  latter  activates  the  control  loop  provided  for  tracking,  which  is  usually 
a delay  locked  loop  (GILL,  W.J.,1966). 

The  technique  shown  in  Fig. 3 is  based  on  the  principle  of  passive  correlation  in  which 
the  acquisition  circuit  has  the  task  of  detecting  the  instant  at  which  the  received  PN 
sequence  attains  a predetermined  state.  At  this  moment  the  local  PN  generator  is  started 
from  the  corresponding  initial  state.  At  the  same  instant  the  delay  locked  loop,  also 
provided  for  tracking  in  this  system,  is  closed.  A matched  filter,  which  is  matched  to 
t ho  predetermined  section  of  the  received  signal  is  a basic  component  of  the  acquisition 
circuit  in  the  case  of  passive  correlation  (CAHN,  C.R.  et  al.,1973;  DIXON,  R.C.,1976). 

The  output  signal  of  the  matched  filtei  has  periodic  amplitude  peaks  which  can  be 
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detected  by  a suitable  threshold  circuit.  The  matched  filter  can  be  implemented  with  the 
aid  of  tapped  delay  lines.  The  most  suitable  devices  for  use  in  tapped  delay  line  corre- 
lators are  delay  lines  for  acoustic  surface  waves  (SAW)  or  shift  registers  for  analog 
signals  in  the  form  of  charge  coupled  devices  (CCD)  (BELL,  D.T.  et  al.,1973;  HAYS,  R.M. 
and  HARTMANN,  C.S.,1976;  BUSS,  B.D.  et  al.,1973;  DAVIES,  N.G.  and  WOHLBERG,  D.B.,1976). 

A synchronization  circuit  of  the  type  shown  in  Fig. 3 with  a matched  filter  is  generally 
simpler  and  cheaper  to  implement  than  a synchronization  circuit  as  shown  in  Fig . 2 . This 
reduction  in  cost  applies  however,  only  to  the  acquisition  circuit.  The  considerable 
complexity  of  the  tracking  circuit,  i.e.  the  delay  locked  loop,  is  the  same  in  both 
synchronization  methods.  It  would  be  advantageous  if  tapped  delay  lines  could  also  be 
used  to  simplify  the  tracking  circuit.  The  authors  have  set  themselves  the  task  of  de- 
signing a simple  spread  spectrum  receiver  in  which  one  and  the  same  tapped  delay  line  is 
used  both  for  acquisition  and  for  tracking.  The  design  of  a receiver  of  this  type,  in 
which  the  peaks  of  the  tapped  delay  line  correlator  periodically  set  - and  thus  synchro- 
nize - the  otherwise  free-running  local  PN  generator  is  dealt  with  in  the  following. 

The  paper  is  devided  into  four  sections.  In  Section  2 the  operation  of  a tapped  delay 
line  correlator  for  signals  with  PN  biphase  modulation  is  briefly  recapitulated.  Section  3 
explains  the  proposed  synchronization  techniques.  In  this  section  the  design  of  a spread 
spectrum  receiver  in  which  acquisition  and  tracking  is  performed  by  means  of  the  same 
tapped  delay  line  correlator  is  described.  Section  4 reports  on  practical  work  which 
corroborates  the  theory  developed  in  the  previous  sections. 

2.  THE  TAPPED  DELAY  LINE  USED  AS  A MATCHED  FILTER  FOR  SIGNALS  WITH  PSEUDO-RANDOM  BIPHASE 
MODULATION 

Fig. 4 shows  a schematic  diagram  of  a tapped  delay  line,  including  the  additional  cir- 
cuitry for  use  as  a matched  filter  in  spread  spectrum  receivers.  The  input  signal  si(t) 
of  the  delay  line  - the  uncorrupted  received  signal  in  the  interference-free  case  first 
considered  here  - has  a carrier  angular  frequency  of  co0  and  an  amplitude  A.  Its  phase  is 
reversed  at  the  rate  of  the  binary  PN  sequence  p(t)g  {”1,1}  with  the  clock  frequency 
fc  = 1/TC.  The  sequence  p(t)  is  usually  a m-sequence  but  it  can  also  be  any  periodic 
binary  sequence  (DIXON,  R.C.,  1976)  whose  autocorrelation  function  R(r)  at  |r|  i Tc  is  very 
low.  If  the  narrow-band  message  modulation  is  initially  ignored,  we  obtain 

s1  (t)  = p(t) -A-cos  ( o>„t)  . (1) 

The  chip  period  Tc  is  selected  in  such  a way  that  it  is  a whole-numbered  multiple  of  the 
carrier  period.  The  delay  line  has  k taps  spaced  at  time  intervals  of  Tc . In  accordance 
with  a section  of  sequence  p(t)  with  a length  of  k chips,  kn  of  the  k output  signals  of 
the  delay  line  are  fed  directly  to  a adding  network  and  the  remainder  kL  (=k  - ky)  after 
a 180°  phase  reversal.  The  signal  at  the  output  of  the  adding  network  is  denoted  by  S2<t) . 
Ignoring  the  insertion  loss  of  the  delay  line,  the  amplitude  of  S2<t)is  in  the  order  of 
A for  most  of  the  time  since  approximately  k/2  signals  having  a phase  of  0°  and  approxi- 
mately k/2  signals  having  a phase  of  180°  are  added.  Only  when  the  actual  phase  reversals 
of  the  signal  s-|  (t)  match  those  reversals  programmed  into  the  delay  line  has  S2<t)  the 
amplitude  kA  since  k signals  having  the  same  phase  are  added.  By  rectifying  the  signal 
S2(t),  one  obtains  the  signal  s-j(t).  The  signal  s3(t)  attains  a maximum  every  time  the 
amplitude  of  s2(t)  equals  kA,  and  has  much  lower  values  at  other  times.  The  peaks  of 
s3(t)  are  detected  with  a threshold  circuit.  The  section  of  the  PN  sequence  which  is 
"programmed"  into  the  tapped  delay  line  must  be  chosen  so  that  the  main  correlation  peak 
exceeds  parasitic  correlation  peaks  considerably.  In  practical  systems,  a narrow-band 
message  modulation  is  also  contained  in  s^ (t) . This  impairs  the  operation  of  the  corre- 
lator. The  impairment  can  be  made  negligibly  small  as  long  as  the  bandwidth  of  the 

message  modulation  is  not  too  large.  If  an  interfering  signal  is  present,  the  signal-to- 
noise  ratio  at  the  output  of  the  delay  line  is  higher  by  about  a factor  k as  compared  to 
the  input  signal-to-noise  ratio  (BELL,  D.T.  et  al.,1973).  The  non-detection  probability 
and  false  alarm  rate  with  which  the  peaks  of  s3(t)  are  detected  decrease  therefore  as  k 
increases.  The  circuit  consisting  of  a tapped  delay  line  matched  filter,  rectifier  and 
threshold  detector  shown  in  Fig. 4 is  referred  to  in  the  following  as  a "tapped  delay  line 
correlator" . 

The  peaks  which  - due  to  the  pseudo-randomness  of  p(t)  - periodically  occur  in  s3(t)  can 
be  used,  as  already  explained  in  Section  1.,  in  a passive  correlation  acquisition  cir- 
cuit as  shown  in  Fig. 3.  The  following  section  describes  the  principle  of  a system  in 
which  the  peaks  at  the  output  of  the  tapped  delay  line  correlator  are  not  only  used  for 
acquisition  purposes  but  also  for  tracking. 

3.  SPREAD  SPECTRUM  RECEIVER  WITH  TAPPED  DELAY  LINE  CORRELATOR  FOR  ACQUISITION  AND  TRACKING 

If  we  were  to  assume  that  PN  generators  with  absolutely  stable  identical  clock  frequencies 
could  be  employed  in  the  transmitter  and  the  receiver  and  that  no  frequency  shifts  due  to 
Doppler  effect  arise,  it  would  be  possible  to  synchronize  the  otherwise  free-running  local 
PN  generator  by  correctly  setting  and  starting  it  once  only.  Unfortunately  this  simple 
synchronization  method  is  unrealistic.  In  practice,  even  the  most  stable  clock  oscilla- 
tors have  a certain  drift,  and  in  many  applications  there  is  relative  movement  between 
the  transmitter  and  receiver  and  hence  a frequency  shift  due  to  Doppler  effect.  It  is 
however  possible  to  modify  the  synchronization  scheme  based  on  "setting  and  starting"  so 
that  it  is  practically  realizable.  For  this  purpose  one  must  ensure  that  the  local  PN 
generator  is  set  and  started  correctly  afresh  whenever  the  local  PN  sequence  has  shifted 
too  much  relative  to  the  received  sequence,  i.e.  whenever  the  "epoch  error"  has  become 
too  large.  Repeated  setting  and  starting  in  this  way  solves  the  problems  of  acquisition 
and  tracking  simultaneously. 
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The  periodic  peaks  of  the  output  signal  si(t)  of  the  tapped  delay  line  correlator  shown 
in  Fig. 4 mark  a certain  state  of  the  received  PN  sequence.  The  signal  sj(t)  is  therefore 

suitable  as  a synchronization  pulse  for  repeated  setting  and  starting  of  the  local  PN 

generator.  A receiver  design  in  which  synchronization  is  based  on  this  principle  is  shown 
in  Fig. 5.  The  PN  generator  consisting  of  clock  oscillator  and  shift  register  is  periodi- 
cally set  to  the  instantaneously  correct  state  and  started  by  the  tapped  delay  line 
correlator.  This  process  of  setting  and  starting  is  necessary  only  if  an  epoch  error  has 
occured  since  the  previous  synchronization.  If  the  PN  clock  oscillators  are  sufficiently 
stable,  the  loss  of  individual  synchronization  pulses  does  not  result  in  a loss  of  syn- 
chronization whereas  any  false  alarm  breaks  the  synchronism  until  the  next  correct  syn- 
chronization pulse  appears.  A comparison  of  Fig. 5 with  Figs. 2 and  3 shows  the  simplifi- 
cation offered  by  the  system  in  Fig. 5.  As  a further  advantage  the  detector  lock-on  circuit 
required  in  the  designs  with  delay  locked  loop  can  be  dispensed  with. 

For  the  receiver  design  shown  in  Fig. 5 it  is  essential  that  the  epoch  error  of  the  local 

PN  sequence  arising  between  two  neighbouring  synchronization  pulses  is  not  too  large  and 
that  the  setting  and  starting  is  sufficiently  accurate.  These  requirements  have  to  be  met 
with  by  suitably  chosing  the  system  parameters.  The  epoch  error  which  builds  up  between 
two  successive  synchronization  pulses  is  mainly  given  by  the  relative  drift  of  the  two 
clock  oscillators  and  by  Doppler  effect.  The  setting  and  starting  accuracy  is  impaired  by 
interference  at  the  receiver  input.  The  interference  causes  a certain  time  error  of  the 
synchronization  pulses.  In  addition,  interference  gives  rise  to  false  synchronization 
pulses  and  prevents  the  detection  of  some  of  the  correct  synchronization  pulses.  The  rate 
of  these  false  alarms  and  losses  as  well  as  the  time  inaccuracy  of  the  detected  synchro- 
nization pulses  become  greater  as  the  signal-to-noise  ratio  at  the  receiver  input 

becomes  smaller  and  as  the  deviation  of  the  received  signal  from  (1)  due  to  the  narrow- 
band  message  modulation  increases. 

3.1. QUANTITATIVE  EXAMINATION  OF  THE  PROPOSED  SYSTEM 

The  performance  of  the  system  shown  in  Fig . 5 is  examined  quantitatively  in  this  section. 
Analog  frequency  modulation  is  employed  as  message  modulation.  In  this  case  the  message 
modulator  and  demodulator  become  especially  simple.  The  interference  signal  is  assumed  to 
consist  of  Gaussian  noise  which  is  "white"  in  the  transmission  bandwidth  Brj.-.  The  parame- 
ters which  appear  in  the  investigation  to  follow  are: 


Ratio  of  the  available  transmission  bandwidth  Brp  to  the  bandwidth  B^  of  the 

message  to  be  transmitted.  In  order  to  achieve  a marked  degree  of  interference  sup- 
pression, B^p/B^  must  be  considerably  greater  than  1. 

Length  L of  the  PN  sequence  in  chips. 

Modulation  index  8 of  the  frequency  modulation  (8  is  the  quotient  of  the  peak 
frequency  deviation  and  message  bandwidth  Bb) . 

Number  of  taps  k of  the  tapped  delay  line. 


Signal-to-noise  ratio 


at  the  receiver  input. 


Number  m of  consecutive  time  intervals  LTC  during  which  the  tolerable  epoch  error 
(e.g.  0. 1TC)  is  not  exceeded  if  setting  and  starting  is  carried  out  correctly  at  the 
beginning  of  the  first  of  these  intervals  and  if  there  are  no  subsequent  synchroni- 
zation pulses,  ra  depends  on  the  stability  of  the  PN  clock  oscillators  and  on  Doppler 
frequency  shift. 

With  the  given  transmission  bandwidth  BRF  the  clock  frequency  fc  is  usually  so  chosen 
that 

£c  ~ brf/2  (2> 

holds.  This  will  be  adopted  in  the  following  though  clock  frequencies  different  from 
Brf/2  might  give  better  jam-resistance  (see  also  BAIER,  W.P.  and  MEFFERT,  K.,1977). 

The  aim  of  the  quantitative  investigation  is  to  obtain  an  insight  into  the  jam  resistance 
and  synchronization  performance  of  the  system.  As  a measure  for  the  synchronization  per- 
formance, the  out-of-lock  time  t„ut  is  introduced.  tout,  expressed  as  a fraction  of  the 
overall  transmission  period,  indicates  the  period  of  time  during  which  the  epoch  error  is 
greater  than  the  permissible  maximum  value  of,  say  0.1TC.  The  time  error  of  the  instants 
at  which  the  treshold  is  exceeded  can  be  given  by  their  standard  deviation  T^ms  from  the 
ideal  instant.  A measure  for  the  jam  resistance  is  the  signal-to-noise  ratio  which 

can  be  obtained  at  the  output  of  the  message  demodulator.  In  the  following,  the  quantities 
tout.  rrms  and  are  calculated  as  functions  of  the  given  quantities  BRp/Bj,,  It  and  m. 

3.1.1.  OUT-OF-LOCK  TIME  TQUT 

If  tQUt  is  calculated  as  a function  of  P^,  nfs>  and  m,  one  obtains  the  expression 

fcout  ■ (,-pd)n,t  [i - n -pd> m]  "faLV2-  ,3) 

The  greater  the  value  of  Pj  and  the  smaller  the  value  of  njd,  the  smaller  is  tout . The 
following  equations  are  obtained  for  Pj  and  njd  with  the  normalized  threshold  value  b* 
of  the  threshold  detector  in  Fig. 4: 


pd  * f2k  />’>- 
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Equations  (3),  (4)  and  (5)  are  derived  in  Appendix  I.  The  function  t!  in  equation  (4)  is 
the  Marcum-Q-f unction . It  is  assumed  in  (4)  and  (5)  that  the  tapped  delay  line  improves 

the  signal-to-noise  ratio  by  a factor  k.  If  I.  and  Tc  are  fixed,  the  quantities  Pj 

and  n in  (3)  are  determined  by  the  normalized  threshold  value  b'.  Both  Pj  and  n^a 
icrease  as  b'  decreases.  A decrease  of  the  threshold  value  b’  therefore  lias  a fa- 
vourable effect  on  tout  in  one  respect,  but  an  unfavourable  one  in  another;  it  is  to  be 
expected  that  there  is  an  optimum  threshold  value  b’  at  which  tou^  is  a minimum.  The 
authors  have  evaluated  expressions  (3),  (4)  and  (5)  to  obtain  the  optimum  b1  and  the 

minimum  out-of-lock  time  as  a function  of  X,,  k and  m for  the  length  L = 1023  of  the  PN 

sequences.  Fig. 6 shows  the  results.  The  minimum  tou^  is  shown  as  a function  of  m with 
and  k as  parameters. 

It  must  be  emphasized  that  the  applicability  of  the  presented  synchronization  scheme  is 
not  confined  to  systems  which  use  frequency  modulation  as  message  modulation.  Another 
suitable  form  of  message  modulation  is  for  example  PSK.  In  this  case  the  message  modulation 
and  demodulation  equipment  becomes  more  complicated.  However,  the  effects  of  non-constant 
carrier  frequency  which  are  considered  in  Section  3.1.3.  can  be  avoided. 

3.1.2.  TIME  ERROR  OF  THE  SETTING  SIGNAL 

If  f,.  is  chosen  according  to  (2),  the  envelope  of  the  correlation  peak  at  the  output  of 
the  tapped  delay  line  can  be  approximated  as  depicted  in  Fig. 7.  In  this  case  the  standard 
deviation  ft-ms  of  the  instant  at  which  the  threshold  is  exceeded,  normalized  to  Tc,  is 
approximately  given  by 

r™„  1 

(6) 


-pkT*: 

Equation  (6)  is  derived  in  Appendix  II.  If  the  envelope  is  assumed  to  have  the  trapezoidal 
form  shown  in  Fig. 7,  T"r  does  not  depend  on  the  threshold  value  of  the  detection  circuit. 
The  slope  of  the  envelope  is  not  constant  in  practice.  Measurements  were  carried  out  using 
the  circuit  shown  in  Fig. 8,  in  order  to  check  (6).  The  rectifier  was  an  envelope  detector. 
The  measured  rrms/Tc  is  shown  in  Fig. 9 as  a function  of  the  normalized  threshold  value  b'. 
It  can  be  seen  that  the  measured  minimum  values  in  Fig. 9 agree  closely  with  the  values 
calculated  with  the  aid  of  (6) . As  an  example,  for  Vb  = 100  we  obtain  from  (6)  the  value 


T rms^Tc 


0.035.  The  measured  minimum  value  is  T 


rms^c  ~ 0.037. 


3.1.3.  SIGNAL-TO-NOISE  RATIO  AT  THE  OUTPUT  OF  THE  MESSAGE  DEMODULATOR 

If  analog  frequency  modulation  is  used  for  the  message,  the  relationship  (BAIER,  W.P., 
1975) 
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RF 


(7) 


holds  between  the  signal-to-nois  ratio  at  the  receiver  input  and  the  signal-to-noise 
ratio  ^»a  at  the  output  of  the  message  demodulator.  Equation  (7)  is  derived  in  Appendix  III. 

Since  frequency  modulation  is  used,  the  carrier  frequency  deviates  from  the  ideal  value 
utj  ( 21T ) - f0  by  a maximum  of  BBb.  In  the  worst  case  the  deviation  reaches  this  maximum 
at  all  the  taps  simultaneously.  As  a consequence,  the  signal-to-noise  ratio  improvement 
due  to  the  tapped  delay  line  is  no  longer  k but  approximately 


7 B. 

g = k -sine  (2«B  - — .k). 

BRF 

2 

A reasonable  value  for  the  argument  of  the  sine  -function  is 
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This  corresponds  to  a degradation  of  1.6  dB . This  case  will  be  considered  in  the  following. 
The  maximum  permissible  modulation  index  is  then 
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1 
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RF 


(10) 


By  substituting  (10)  in  (7)  one  obtains 
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Fig. 10  shows  as  a function  of  /*e  with  k as  the  parameter  for  the  case  when 
Bpp/Bh  * 103  holds.  It  is  apparent  from  Fig. 10  that  the  jam  resistance  calculated  from 
(ll)  decreases  with  increasing  k.  This  is  due  to  the  fact  that,  in  order  to  avoid  de- 
grading the  operation  of  the  tapped  delay  line  correlator  the  bandwidth  of  the  message 
modulation  has  to  be  restricted.  A large  k demands  a small  B,  see  (10);  however,  a small 
B causes  a relatively  small  jam  resistance,  see  (7) . 

Ideal  synchronism  is  assumed  in  (11).  Incorrect  setting  and  the  additional  epoch  error 
build-up  between  the  setting  pulses  result  in  a further  degradation.  If  T'rmg  and  the 
additional  epoch  error  are  kept  well  below  0.1  Tc,  this  degradation  is  less  than  1 dB. 

3.2.  SYSTEM  IMPROVEMENT  USING  AN  ADDITIONAL  NARROW-BAND  PHASE  LOCKED  LOOP 

The  out-of-lock  time  tout  of  the  system  shown  in  Fig. 5 could  be  reduced  if  the  false 
alarm  rate  nja  could  be  reduced  without  altering  the  detection  probability  P<j,  see  also 
(3).  A reduction  of  nfa  in  this  manner  is  possible  if  the  time  intervals  in  which  false 
alarms  can  occur  are  restricted.  One  possibility  to  achieve  such  a restriction  is  shown 
in  Fig. 11.  In  this  figure  the  design  shown  in  Fig. 5 is  supplemented  by  a narrow-band  phase 
locked  loop  and  a switch. 

The  phase  locked  loop  synchronizes  itself  to  the  correlation  peaks  of  the  tapped  delay 
line  correlator.  If  the  loop  filter  has  a sufficiently  narrow  bandwidth,  the  function  of 
the  phase  locked  loop  is  virtually  unaffected  by  the  false  alarms  and  losses  at  the  output 
of  the  tapped  delay  line  correlator.  The  output  signal  of  the  voltage  controlled  oscil- 
lator VCO  allows  the  instants  of  the  correlation  peaks  to  be  estimated  with  a time  error 
which  is  much  less  than  the  period  of  the  PN  sequence.  The  output  signal  of  the  VCO  can 
therefore  be  used  to  control  a switch  connected  between  the  tapped  delay  line  correlator 
and  the  local  PN  generator.  The  switch  is  closed  during  the  time  intervals  within  which  the 
correlation  peaks  are  expected.  It  is  open  for  the  rest  of  the  time.  This  prevents  the 
false  alarms  which  occur  outside  a certain  time  interval  centered  about  the  estimated 
instant  of  the  correlation  peak  from  setting  the  local  PN  generator. 

The  interference  susceptibility  of  the  phase  locked  loop  to  false  alarms  and  losses 
decreases  as  the  cut-off  frequency  of  the  loop  filter  decreases.  At  the  same  time,  how- 
ever, the  dynamics  of  the  phase  locked  loop  become  poorer,  and  hence  also  the  acquisition 
performance  of  the  system  as  well  as  the  time  tolerance  range  for  the  closing  of  the 
switch.  Corresponding  optimization  investigations  are  planned. 

A further  system  improvement  is  possible  by  using  two  or  more  tapped  delay  line  corre- 
lators which  are  matched  to  different  sections  of  the  PN  sequence.  Thereby  the  rate  of 
the  synchronization  pulses  can  be  increased.  This  might  be  desirable  if  long  PN  sequences 
are  used. 

4.  PRACTICAL  WORK 
4.1.  EXPERIMENTAL  SET-UP 

In  order  to  demonstrate  the  operating  capability  of  the  system  in  Fig. 5 an  experimental 
communication  system  as  shown  in  the  block  diagramm  Fig. 12  is  presently  being  set  up. 

The  essential  system  data  are  given  in  Table  I.  The  value  m = 2 refers  to  an  epoch  error 
of  0.1TC.  Initial  measurements  have  shown  that  m = 2 can  be  obtained  with  ease. 


Transmission  bandwidth 

bRF 

3 

20  MHz 

Clock  frequency  of  the  PN  sequences 

^c 

3 

10  MHz 

Message  bandwidth 

Bb 

= 

5 kHz 

Table  I . Data  of  the 

Length  of  the  PN  sequence 

L 

1023 

experimental  set-up 

Length  of  the  tapped  delay  line 

k 

= 

255 

Stability  of  the  PN  clock  generators 

m 

= 

2 

4.2.  DEMONSTRATION  OF  THE  FEASIBILITY  OF  THE  SYNCHRONIZATION  METHOD  WITH  A BASEBAND  CIRCUIT 

The  most  essential  components  of  the  receiver  are  the  tapped  delay  line  correlator  and 
local  PN  generator  which  together  form  the  equipment  for  producing  the  synchronous  local 
PN  sequence.  It  is  not  necessary  to  set  up  the  entire  transmission  system  in  order  to 
demonstrate  by  experiment  the  operability  of  a synchronizing  circuit  of  this  type.  It  is 
simpler  to  do  so  with  the  aid  of  a baseband  circuit  as  shown  in  Fig. 13  in  which  only  the 
PN  sequence  appears  instead  of  a carrier  modulated  with  the  message  and  the  PN  sequence. 

The  transmitter  is  modelled  by  a PN  generator,  the  receiver  by  a CCD  correlator  and  a 
settable  PN  generator.  The  CCD  correlator,  like  the  tapped  delay  line  correlator  of  the 
original  system,  is  matched  to  a section  of  the  PN  sequence.  The  correlation  peaks  oc- 
curing  at  the  output  of  the  CCD  correlator  are  used  to  set  and  start  the  local  PN  gener- 
ator. The  received  interfering  signal  in  the  original  system  can  b«.  simulated  by  a noise 
signal  injected  along  with  the  PN  sequence  at  the  jnput  of  the  CCD  correlator. 

The  quality  of  the  synchronism  of  the  local  PN  sequence  can  be  quantitatively  determined 
by  adding  the  local  and  the  "transmitted"  PN  sequence  modulo  2.  If  the  two  PN  sequences 
are  in  perfect  synchronism,  the  output  signal  of  the  mod-2-adder  woulu  have  a constant 
logic  value  of  L.  If  the  local  PN  sequence  is  not  synchronized  exactly  to  the  received  PN 
sequence,  the  output  signal  of  the  modulo-2-adder  jumps  occasionally  to  the  logic  value  H. 
The  sum  of  the  time  intervals  during  which  the  output  signal  of  the  mod-2-adder  has  a 


5 9-6 


value  of  H be  denoted  by  TH> 
The  quotient 


T 

H = overall  duration  of  non-synchronism 
TQ  system  operating  time 


is  a measure  of  the  quality  of  synchronism  obtained.  The  authors  have  implemented  a 
circuit  as  per  Fig. 13.  The  essential  data  of  this  circuit  are  given  in  Table  II. 


PN  clock  frequency  (crystal) 

Length  of  the  PN  sequences 
Number  of  taps  of  the  CCD  correlator 
Amplitude  of  the  PN  sequence  at  input 
of  the  CCD  correlator 


fc  * 2.6  MHz 

L ■ 1023  Table  II.  Data  of  the 

k =32  set-up  with  CDD  correlator 

♦ 1 V 


TH/T0  was  measured  as  a function  of  the  signal-to-noise  ratio  y at  the  input  of  the 
CCD  correlator;  the  interfering  signal  was  white  noise  with  a cut-off  frequency  of  2.6  MHz. 
The  threshold  in  the  CCD  correlator  was  so  set  that  virtually  no  false  alarms  occured  in 
the  setting  and  starting  signal  with  the  signal-to-noise  ratios  under  consideration.  The 
TH/T0  obtained  from  the  measurements  is  plotted  in  Fig. 14  as  a function  of  y . Also  shown 
in  this  figure  is  the  detection  probability  P^  of  the  setting  and  starting  pulses  as  a 
function  of  y . Th/T0  is  always  in  the  region  of  a few  percent.  Sections  of  the  disturbed 
PN  sequence  at  the  input  of  the  CCD  correlator  as  well  as  the  PN  sequences  at  the  inputs 
of  the  mod-2-adder  are  shown  in  Fig. 15  for  the  circuit  as  per  Fig. 13  and  Table  II  for  the 
case  y = 1.  It  is  evident  that  the  local  PN  sequence  is  not  perfectly  synchronous  with 
the  transmitted  sequence,  but  is  still  close  to  it.  The  lag  of  the  two  lower  runs  in  Fig. 

15  with  respect  to  the  upper  run  is  caused  by  signal  delay  in  the  test  circuit. 

APPENDIX  I,  DERIVATION  OF  EQUATIONS  (3)>  (4)  AND  (5) 

The  probability  of  m successive  synchronization  pulses  passing  undetected  is  (1  - Pa)1"- 
In  any  such  case  the  permissible  epoch  error  is  exceeded  ior  a time  interval  of  LTC. 

To/ (LT-)  synchronization  pulses  occur  during  the  entire  transmission  period  T0.  Hence  the 
detection  losses  contribute  to  tout  with  the  additive  term  (Jr0/  (LTC)](  1 -Pa) m,LTc/T0  = ( 1 —Pa ) m - 
The  time  available  during  To  for  interfering  false  alarms  is  T0 fl - ( 1 -Pa) ra] • If  we  assume 
nfaLTc<<1,  synchronism  is  lost  for  an  average  period  of  LTc/2  as  a result  of  each  false 
alarm.  The  false  alarms  therefore  contribute  to  tout  with  the  additive  term 
Tl-(1-Pa>m]  nfaLTc^2,  Tbe  two  terms  are  added  to  produce  (3). 

During  the  synchronization  pulses,  the  output  signal  s2(t)  of  the  tapped  delay  line  can 
be  approximated  to  by  a sinewave  signal  of  amplitude  kA,  upon  which  a Gaussian  interfering 
signal  with  power  A2/ (2  ^"ek)  is  superimposed.  The  probability  of  the  envelope  curve  of 
this  signal  exceeding  a threshold  value  b is  given  by  the  Marcum-Q-function  (STEIN,  S. 
and  JONES,  J. J. , 1967) 

Pd  = Q[V2k/V  bV  2 yj  $?A)  ] . 

By  substituting  the  normalized  threshold  value  b'  = b ~]/2  / "h\  A , we  obtain  expression  (4). 

As  long  as  there  is  no  synchronization  pulse  at  the  output  of  the  tapped  delay  line, 
output  signal  s2(t)  can  be  approximated  to  by  a bandpass  noise  signal  n(t)  = n^  ( t)  cos  ( cu0t ) 

♦ nq  ( t)  sin  (h»Qt)  . The  signals  n^ft)  and  nq(t)  are  assumed  to  be  uncorrelated  Gaussian 
processes  with  an  average  value  of  zero  which  are  limited  to  the  frequency  range  |f|  * fc 
and  which  over  this  range  have  a two  sided  power  density  of  S_(f)  = kA2  ( 1 + 1 //*e)  / (4fc)  . 

Sn(f)  contains  a component  arising  from  the  received  interfering  signal  and  another 
arising  from  the  received  desired  signal.  The  square  of  the  envelope  of  n(t)  has  the 
p. d. f . 

p(v)  = — zz • exp  ( — - - ) 

kA2  d + 1//e)  kA2  <1  + 1/^e) 


Let  us  assume  that  the  autocorrelation  function  of  n<j(t)  or  nq(t)  is  R ( f ) . If  we  dif- 
ferentiate R(  f)  twice  with  respect  to  T and  substitute  f = O,  we  obtain 


R"  (O) 


S 

n 


df 


2 

3 


tr  2fc2  kA2  (H1/^e)  . 


The  rate  at  which  the  envelope  curve  of  n(t)  exceeds  a threshold  value  b in  accordance 
with  (HELSTROM,  C.W.,1968)  with  p(v  ) and  R" (0) , is 


‘fa 


=p(b2> 


f 


2 | R"  (0)  | b2  ITT 


b fc 

-exp 

"/kA2  (1*1  / /-e)/2 


kA2  iU\/pe) 


Substituting  in  this  equation  fc  = 1 /T  and 
b -ji  ye/  (ft A)  we  obtain  equation  (5). 


the  normalized 


threshold  value  b'  = 
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APPENDIX  II,  DERIVATION  OF  EQUATION  (6) 

The  rectifier  of  the  tapped  delay  line  correlator  is  assumed  to  be  an  envelope  detector. 

In  this  case  the  desired  component  of  output  signal  s3(t)  can  be  approximated  to  as  shown 
in  Fig. 7.  The  envelope  in  Fig. 7 has' a maximum  value  of  kA.  If  there  is  also  an  interfering 
signal  at  the  input  of  the  tapped  delay  line,  an  interfering  signal  is  superimposed  on 
output  signal  s3(t).  Its  power  is  approximately  given  by 


kA  / ( 2 ye> 


for  sufficiently  large  k f , see  (STEIN,  S.  and  JONES,  J.J.,1967).  The  edge  slope  of  the 

J ^ n i n — 1 » „ — n i T ; _ J _ 1.  x / m / O \ _ ni.  > /m  > 1 : - i _ /tiXt  r?  t n 1 


desired  signal  as  per  Fig.  7 is  d = kA(Tc/2)  = 2kA/Tc . According  to  (HOLZLER,  E.  and 


HOLZWARTH,  H.,1975)  the  variation  of  the  instant  when  the  threshold  is  exceeded  is  then 


kAV<2/-  ) 


e 


(2kA/TJ  ' 


8k 


^e 


Equation  (6) 


is  obtained  from  this  by  dividing  by  T^  and  taking  the  square  root. 


APPENDIX  III,  DERIVATION  OF  EQUATION  (7) 


Since  frequency  modulation  with  modulation  index  8 is  used  for  message  modulation,  the 
bandwidth  of  the  interference  suppressing  bandpass  filter  in  the  receiver  must  be  made 


b'rf  = 2- Bjj  . (1+8)  (STEIN,  S.  and  JONES,  J.J.,  1967).  Accordingly,  the  processing  gain 


(CAHN,  C.R.  et  al.,  1973;  DIXON,  R.C.,  1976)  is  BRF/B’RF  = BRF/ |'_2Bb ( 1 +8 )]  . The  signal-to- 


noise  ratio  is  further  improved  by  a factor  of  38+ (1+8)  by  the  frequency  demodulation 
(STEIN,  S.  and  JONES,  J.J.,1967).  The  signal-to-noise  ratio  at  the  demodulator  out- 

put is  hence  obtained  from  the  signal-to-noise  ratio^^  at  the  rece-'  'er  input  with  the  aid 


of  the  relationship 


BRF‘3B 


gnal 
2(1  + 


B>/V[2V 


atio/; 
1+B)J  . 


This  is  t 


. tion  (7) 
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Fig.  1.  Direct  sequencing  communication  system 
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Fig.  4.  Tapped  delay  line  correlator 


ig.  10.  Message  signal-to-noise-rat io  j versus  signal-to- 
noise-rat io  /e  at  the  receiver  ‘ input 


Fig.  11.  Improved  combined  acquisition  and  tracking  circuit 
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Fig.  12.  Experimental  set-up  with  SAW  tapped  delay  line 
correlator 
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Fig.  13.  Experimental  set-up  with  CCD  tapped  delay  l>ne 
correlator 
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Fig.  15.  PN  sequences  in  the  synchronization  circuit  with 
CCD  correlator 
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waves.  Ihese  two  tecnnologies  nave  not,  in  general,  waves.  These  two  technologies  1 

been  treated  in  a common  seminar.  been  treated  in  a common  seminar. 


